The use of biosolids in the composting of a crude oil and salt contaminated clay soil. by Hughes, Mary (author) et al.
THE USE OF BIOSOLIDS IN THE COMPOSTING OF A CRUDE OIL AND SALT
CONTAMINATED CLAY SOIL 
by
Mary Hughes 
B.Sc. University o f Northern British Columbia, 2003,
THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 
MASTER OF SCIENCE 
in
NATURAL RESOURCES AND ENVIRONMENTAL STUDIES 
(ENVIRONMENTAL SCIENCE)
UNIVERSITY OF NORTHERN BRITISH COLUMBIA
April 2006
Mary Hughes, 2006
1^1 Library and Archives Canada
Published Heritage 
Branch
395 Wellington Street 
Ottawa ON K1A0N4 
Canada
Bibliothèque et 
Archives Canada
Direction du 
Patrimoine de l'édition
395, rue Wellington 
Ottawa ON K1A0N4 
Canada
Your file Votre référence 
ISBN: 978-0-494-28344-8 
Our file Notre référence 
ISBN: 978-0-494-28344-8
NOTICE:
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.
AVIS:
L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans 
le monde, à des fins commerciales ou autres, 
sur support microforme, papier, électronique 
et/ou autres formats.
The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.
L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protège cette thèse.
Ni la thèse ni des extraits substantiels de 
celle-ci ne doivent être imprimés ou autrement 
reproduits sans son autorisation.
In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.
Conformément à la loi canadienne 
sur la protection de la vie privée, 
quelques formulaires secondaires 
ont été enlevés de cette thèse.
While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.
Canada
Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.
ABSTRACT
Composting is a multi-phase biological process used to decompose a wide range o f organic 
substrates. In the study presented here, composting was used to decompose 5% (w/w) crude 
oil in a spiked clay soil during a 16-week experiment. To further recreate a contaminated soil 
typical of an oil and gas production site in northern British Columbia, the soil was 
additionally spiked with four different levels of sodium chloride, replicating an oilfield brine 
spill. This was done using target soil electrical conductivity values o f 0, 10, 30, and 70 dS/m. 
Biosolids, wood shavings, wheat grain, and the contaminated soil were composted in a 
2; 1:1:1 dry mass basis. Composting was successful at reducing the petroleum hydrocarbon 
concentration in the soil despite the high salt concentration in some soil treatments. Total 
decreases in petroleum hydrocarbon concentrations ranged from 67% (0 salt level) to 26% 
(70 salt level) on an ash-normalized basis. During the composting, the presence of crude oil 
significantly lowered the compost pH, increased the nitrate-nitrogen concentration, and 
lowered the ammonium- to nitrate-nitrogen ratio relative to the non-crude oil compost 
treatments.
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Chapter 1: General introduction and literature review
1.1 Petroleum hydrocarbons and salts in contaminated soils
Across Canada, approximately 60% of contaminated sites contain some form of petroleum 
hydrocarbons (PHCs) (CCME 2001a). Due to toxicity concerns, potential ground water and 
atmospheric contamination, and impediment of soil processes, PHC pollution has become an 
important environmental issue (CCME 2001a; Loureiro et al. 2005). Consequently, the need 
for effective methods for the decontamination of these sites has become an important area of 
environmental research.
Crude and refined PHC products have a highly variable composition. The number of 
naturally occurring PHCs with a carbon number o f 30 is greater than 4 billion (Salanitro 
2001). Additionally, a single PHC product (e.g. diesel) may contain hundreds to thousands of 
individual compounds, making it difficult to fully characterize a contaminated soil (CCME
2000). The highly variable nature of both PHCs and soils can make the bioremediation 
process difficult because a method that works at one site may not necessarily work at another 
site.
Sources of refined PHC products in soils include leaking storage tanks (above- and 
underground), accidental spills, and production and processing operations (Lazar et al. 1999; 
Nadim et al. 2000; Namkoong et al. 2002). Due to widespread prevalence of PHCs in 
modem society, soils contaminated by PHCs are found all over the world. Soils from the 
Arctic (Whyte et al. 1997), Antarctic (Ferguson et al. 2003a and b), Middle East (Al-Daher et
al. 2001), North America (Chaw and Stoklas 2001) and South America (Trindade et al. 2005) 
have been used in published research on the remediation of PHC-contaminated soils.
During the exploration and development of oil deposits, large quantities o f soil can become 
contaminated with petroleum products, drilling muds, and naturally produced brines 
(Chaineau et al. 1995). Reducing the levels of these contaminants in soils is important 
because of the potential significant impacts they can have on the surrounding environment. 
Leaching can move soil contaminants into the groundwater system and surface runoff can 
move them into surface water bodies. Hydrophobicity can limit the growth of micro- and 
macro-organisms in the soil, and toxie levels of recalcitrant chemicals, both organic and 
inorganic, may pose long-term environmental risk to human and non-human recepters 
(Romantschuk et al. 2000; Gallego et al. 2001; CCME 2001a; Franco et al. 2003).
The Canadian Council of Ministers of the Environment (CCME) have developed a set o f site 
clean-up targets for Canadian soils contaminated with PHCs. Canadian jurisdictions have the 
option of adapting these standards; one intent o f the standards is to promote consistency in 
the reporting and interpretation o f PHCs in soils (CCME 2006). The Canadian-wide Standard 
(CWS) for the remediation o f petroleum hydrocarbons in soils is divided into three tiers. Tier 
1 standards are generic numerical levels. Tier 2 standards are site-specific adjustments to the 
Tier 1 levels, and Tier 3 standards are for site-specific risk assessment and management 
plans (CCME 2001a).
The Tier 1 standards divide PHCs into four fractions according to the equivalent normal 
straight-chain hydrocarbon (nC) boiling point ranges (CCME 2001b). The four fractions are: 
FI (nC6 to nClO), F2 (>nC10 to nC16), F3 (>nC16 to nC34), and F4 (nC35+). Acceptable 
limits for these fractions are based on landuse (agricultural, residental/parkland, commercial, 
and industrial), texture class (fine or coarse), and soil location in the profile (sub-soil or 
topsoil) (CCME 2000). The F3 fraction is currently under consideration for further division 
into two fractions, F3a and F3b, containing >nC16 to nC23 and >nC23 to nC34 respectively. 
This is proposed because the smaller compounds in F3 are typically more toxic than the 
larger within the fraction (Roy 2001). The CCME has also established a rigorous analytical 
method for the quantification of PHCs in soils (CCME 2001b).
It is recognized that analytical challenges exist for the quantitive determination of PHCs in 
soils containing large amounts of organic matter (OM). An example o f this is the 
determination o f PHCs in soils that are composted. During the composting process, feedstock 
materials (e.g. biosolids and wood shavings) are transformed into humus, a highly complex 
degradation product. Both the original starting materials and the degradation products are 
known to produce interferences in GC-FID analysis due to the fact that they are extracted 
with PHCs and they have similar GC elution characteristics; this may lead to false positive 
PHC results (Rogers 1996; CCME 2001b). In order to better differentiate between true PHCs 
and extractable OM, a non-contaminated control can be used (Van Gestel et al. 2003).
1.1.1 Crude oil
In general, petroleum hydrocarbons can be divided into two broad classes: aliphatics and 
aromatics. Aliphatics are further divided into alkanes, alkenes, and cycloalkanes groups 
(Potter and Simmons 1998). Alkanes contain only single-bonded carbon atoms, whereas 
alkenes contain one or more double bond. In cycloalkanes, the carbon atoms form circular 
structures (Potter and Simmons 1998). Aromatics are further divided into 3 groups: 
monoaromatics, diaromatics, and polycyclic aromatic hydrocarbons (PAHs). Monoaromatics 
contain one benzene ring, diaromatics have two rings, and PAHs have more than two rings 
(Potter and Simmons 1998).
Crude oil is a complex, variable mixture of hydrocarbons (McGill et al. 1981; Potter and 
Simmons 1998). During refining processes, crude oil becomes enriched in carbon and 
hydrogen, containing approximately 85.3% (C) and 12.2% (H) of the total mass (McGill et 
al. 1981; Potter and Simmons 1998). The most abundant compounds are n-alkanes and cyclic 
hydrocarbons (McGill et al. 1981). n-Alkanes may comprise up to 25% of the total mass o f 
crude oil and cyclic compounds can contain between 30-60% of the total mass. Compounds 
containing nitrogen, sulphur, and oxygen make up a small portion of the total mass (0.22%, 
1.01%, and 3.6% respectively) (McGill et al. 1981).
Microbial use of crude oil for growth has been well documented (McGill et al. 1981). 
Bacteria, actinomycetes, and fungi have been identified as being capable of degrading PHCs. 
Examples of bacteria include Archeomobacter, Acinetobacter, Alcaligenes, Arthrobacter, 
Pseudomonas, and Nocardia (McGill et al. 1981; Paul and Clark 1996; Alexander 1999).
Examples o f fungi include Pénicillium, Aspergillus, Mortierella,, and Bjerkandera (McGill 
et al. 1981; Paul and Clark 1996; Baheri and Meysami 2002).
1.1.2 Polycyclic aromatic hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are natural compounds that can be found in a 
variety of different organic matrixes. These compounds have properties that can be toxic, 
mutagenic, and/or carcinogenic to humans (Moretto et al. 2005). PAHs can enter the 
environment through incomplete combustion of organic matter (e.g. vehicle exhausts, coal 
and wood combustion), spillage of petroleum products, or through natural events such as 
forest fires and volcanic eruptions (Antizar-Ladislao et al. 2004; Moretto et al. 2005). In 
general PAHs are hydrophobic and exhibit strong sorption to soil and organic matter 
particles, reducing their bioavailability. PAHs are also thermodynamically stable because of 
the high resonance energy of benzene (Xu and Obbard 2004).
Because PAHs are hydrocarbons, individual PAHs may fall within one of the four CCME 
PHC fractions, based on its retention times relative to the n-alkanes used to determine the 
fractions. For example, acenaphthene (C 12H 10) is an example of a F2 compound, pyrene 
(CieHio) is a F3a compound, and 1,2-benzanthracene (CigHn), commonly known as 
benzo[a]anthracene, is a F3b compound. Figure 2.1 shows the structure of these compounds. 
Pyrene and benzo [a]anthracene have separate soil quality criteria in Canada and all three of 
the PAHs are regulated by the US EPA (CCME 2001b; Antizar-Ladislao et al. 2004).
(a) (b )
(c)
Figure 1.1: Three PAHs: (a) aeenaphthene, (b) pyrene, and (c) benzo [a] anthracene
1.1.3 Salinity
During the recovery of oil and gas from onshore and offshore deposits, produced waters (also 
known as formation water or brine waters) are often encountered and spilt on the soil. 
Produced water is the largest single waste generated in the exploration and production of oil; 
it is estimated that between 3.2 and 4.8 Gm^ of produced water per year are produced in the 
U.S. during oil and gas production (Tellez et al. 2002; Sirivedhin et al. 2004). The spilling of 
produced water onto soils complicates the remediation of oil and gas sites due to the 
presence of metals, salts, and hydrocarbons in the produced water (Amatya et al. 2002). High 
levels o f salt reduce microbial activity, therefore it would be expected that increasing levels 
o f soil salinity would cause corresponding decreases in the concentrations of microbial 
products (Amatya et al. 2002).
Dissolved salts are one of the main components of produced waters. Produced waters 
typically have an electrical conductivity (EC) of 200 dS/m whereas seawater typically has an 
EC of 50 dS/m (Rhykerd et al. 1995) and non-saline soil has an EC of less than 4 dS/m 
(Knox and Sabatini 2000). Total dissolved solids (TDS) in produced water can range from 
100 mg/L to 300 000 mg/L (Tellez et al. 2002); in comparison, the maximum amount of TDS 
allowed in drinking water in Canada is 500 mg/L (Health Canada 1996). Approximately 80% 
of the TDS is sodium chloride; there is, however, a considerable amount of variation in the 
salt content o f produced waters (Tellez et al. 2002; Sirivedhin et al. 2004). Major cations 
include sodium, calcium, magnesium, and potassium; major anions include chloride, 
sulphate, and bicarbonate (Tellez et al. 2002). Typically, the sodium content is -30  to 35% of 
the total ion content and chloride is -50%  of the anions (Suleimanov 2005). The high content 
of sodium chloride in these waters makes it an ideal surrogate chemical for research 
requiring the use of produced water (Tellez et al 1995).
Elevated levels of salts in soils can cause environmental problems. Typical soil 
microorganisms are not capable of growing and surviving in hypersaline conditions due to 
osmotic shock (Tellez et al. 2002). Plant biomass is reduced because o f limited physiological 
activity (i.e. physiological drought) (Renault 1998), resulting in loss o f topsoil due to erosion 
(Nicholson and Fathepure 2004). Sodic soils (soils with high levels o f exchangeable sodium 
and low EC) can exhibit clay dispersion, causing destruction of soil structure and drainage 
problems. Saline-sodic soils (high exchangeable sodium concentration and high EC) do not 
have this problem because the higher concentration of other soluble cations causes
flocculation and therefore increased aggregate stability, better drainage, and good aeration 
(Brady and Weil 1999).
On the larger landscape, brine contamination leaves behind visible salt scars after the water 
has evaporated. Salt scars are areas with limited plant growth due to the addition of high 
levels of both sodium and salts to soils (Korphage et al. 2003). Gullies and rills become 
visible at the site; the transport of the brine away from the site can cause further damage to 
the surrounding water supplies. Eventually the site can become a bare, dead area. Erosion 
processes will remove the topsoil, leaving behind the subsoil or bedrock (Korphage et al. 
2003). Time is an important factor in the remediation of salt scars. After only one year, 
remediation will require significant inputs of time and effort. As clay content increases, soils 
are increasingly difficult to remediate.
Another characteristic o f high salt concentration is surface crusting (Knox and Sabatini 2000; 
Brady and Weil 1999). A layer of white salt can be seen on the surface of the soil. The 
formation of salt crusts is not limited to brine contamination as it is typically seen in areas 
where high amounts o f irrigation are required for agriculture (Brady and Weil 1999). The salt 
crust can prevent seed germination and therefore start the erosion process (Korphage et al. 
2003).
1.2 Bioremediation
In this thesis, bioremediation is defined as the use of organisms with the potential to degrade 
compounds in a manner that is favourable to environmental clean-up (Paul and Clark 1996).
Polluted terrestrial and aquatic sites have been cleaned-up using bioremediation. The 
degradation of PHCs by microorganisms has been reported in scientific literature since the 
1940s (Salanitro 2001). The remediation of PHC-contaminated soil using biological 
techniques has been investigated for approximately 30 years. Bioremediation has become 
popular because o f its perception of being an environmentally friendly technique, its 
efficiency, its versatility, and its relatively low cost (Margesin and Schinner 2001). Examples 
of bioremediation techniques include biopiles, bioventing, phytoremediation, 
bioaugmentation, biostimulation, and composting. Composting is one o f the newer 
bioremediation techniques found in scientific literature and is the focus of this research.
Successful bioremediation requires the optimization o f several factors. First, a 
microorganism(s) capable of degrading the target contaminant must be present in the soil 
(Alexander 1999). Second, the target eompound must be available to the microorganism(s) 
and enzyme(s). Third, environmental conditions must be suitable for biological activity 
(Alexander 1999). Important environmental factors include pH, nutrient concentration (i.e. 
nitrogen and phosphorus levels), and moisture content (Braids 2002). Typical microbial 
degradation pathways for simple PHCs involve the formation of a primary fatty acid using a 
monooxygenase enzyme (Miller and Herman 1997; Suthersan 1997). Once formed, the fatty 
acids are eventually degraded, using p-oxidation, to earbon dioxide. Cyclic PHCs are 
generally believed to be degraded through eomensalistic and eo-metabolie reactions (i.e. two 
different microbes are required for complete degradation) (Miller and Herman 1997). PAH 
degradation uses either the dioxygenase enzyme (bacteria) or the monooxygenase enzyme 
(fungi) to start the breakdown process (Miller and Herman 1997). Bacteria form catechol
from the PAHs and then use either ortho- or meta-ring cleavage. Fungi form either a 
transdihydrodiol compound or conjugated phenols, the latter helps detoxify the PAHs (Miller 
and Herman 1997). Transdihydrodiol compounds can react with DNA to form DNA adduets, 
causing DNA mutations and potentially cancers (Mahadevan et al. 2003).
1.2.1 Bioavailability
Although bioremediation treatments have become popular methods for environmental clean 
up, there are still some aspects that are not well understood. Bioavailability, the accessibility 
of a compound for degradation and toxicity, of PHCs to microorganisms can limit the extent 
o f the treatment (Alexander 2000). As the amount o f time that the PHCs are exposed to the 
environment increases, their composition changes (termed weathering) and the 
bioavailability often decreases (termed aging) (Semple et al. 2001; Gogol et al. 2003; 
Stephenson et al. 2003). Bioavailability, aging, and weathering have become key concepts in 
the bioremediation field and should be considered when beginning a bioremediation project. 
Regulatory limits often do not consider these concepts, resulting in targets that can be 
difficult, if  not impossible to meet.
Aging of compounds is dependent on several soil chemical and physical properties. Factors 
such as soil texture, soil organic matter content, cation exchange capacity, and micropore 
volume are frequently listed as controlling factors (Loser et al. 1999; Northcott and Jones 
2000; Chung and Alexander 2002; Bogan and Sullivan 2003). In soils with high organic 
matter, aging is an important factor to consider. Little is known about potential increases in 
compound bioavailability due to environmental changes. Some research has shown that the
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incorporation o f compost into soil can increase the bioavailability of contaminants (Janzen et 
al. 1996; Haderlein et al. 2001; Haderlein et al. 2006). It is believed that the humic material 
mobilizes the contaminants from sorption sites, releasing the contaminants into the aqueous 
phase, and therefore increasing their bioavailability (Haderlein et al. 2006). However, most 
research has shown that soils containing high OM content have reduced bioavailability, due 
to strong sorption processes (Loser et al. 1999; Northcott and Jones 2000; Chung and 
Alexander 2002; Bogan and Sullivan 2003).
Decreased bioavailability of PHCs in soils can reduce their movement into other biological 
systems, thereby potentially reducing the toxic effects o f PHCs on soil flora and fauna. 
Because microorganisms can no longer utilize the compounds, the bioremediation process is 
limited. The effects of aging can be seen in the results of bioremediation studies where the 
concentration of the contaminants in question plateau, forming a “hockey stick” -  shaped 
graph (Potter et al. 1999).
Weathering, like aging, results in decreased degradation potential of PHCs. The 
compositional changes that result from the weathering of spilled petroleum-products is due to 
the removal, either by evaporation or degradation, of lightweight compounds like benzene, 
toluene, and gasoline range organics (C; -  Cn), leaving behind larger, recalcitrant 
compounds (Salanitro 2001). These recalcitrant compounds are typically highly branched 
alkanes, cycloalkanes, alkylated heterogeneous compounds (e.g. thiophenes), and multi­
ringed aromatic compounds (e.g. diaromatics and PAHs). These compounds are typically
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highly toxic (some are known carcinogens) and are often highly regulated (e.g. target 
compounds o f the EPA).
1.3 Composting
Aerobic composting is the degradation o f organic matter (OM) by bacteria, actinomycetes, 
and fungi in the presence of oxygen (Schuhardt 2005). The eomposting process eonsists of 
four microbiological stages based on temperature; there is no commonly used definition o f 
mesophilic and thermophilic but the following are used in this thesis (Sundberg et al. 2004). 
The first stage is the mesophilic stage (20-45°C) where mesophilic microbes use the OM in 
their metabolic processes, causing heat to be released (Zibilske 1998; Potter et al. 1999; 
Semple et al. 2001; Sasek et al. 2003). The second stage, the thermophilic stage (45-75°C), 
occurs when the released heat is self-insulated by the compost, causing heat build-up and a 
change in the microbial community, allowing a wider variety of eompounds to be degraded 
(Guerin 2001). The third stage, cooling, occurs after the thermophilic microbes have utilized 
the available OM, resulting in a lower rate of heat production causing a decrease in 
temperature and a shift in the microbial community. The fourth and final stage, maturation, 
occurs when the compost composition stabilizes (Potter et al. 1999; Sasek et al. 2003; 
Hartlieb et al. 2003).
Figure 1.2 shows the major reactions and decomposition products o f composting (Schuhardt 
2005). As Figure 1.2 indicates, anaerobic reactions can take place in a composting system 
due to the formation of anaerobic pockets within a compost pile. These pockets can form in
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areas with high water content and low water holding capacity (WHC) and/or areas with low 
porosity. Availability o f nutrients also determines the products formed.
Anaerobic conversionsAerobic conversions rainwater
Oxygen
Carbohydrates
Lignincellulose
Cellulose
Protein 
Amino acids 
Urea
Organic compounds, humus
H2O
H2O
NOy.NOy
H2Ü H2O
Figure 1.2: Aerobic and anaerobic reactions in a typical compost pile (Schuhardt 2005).
Composting has been used to stabilize a variety of organic wastes. It is becoming 
increasingly common to use composting as a method to reduce the amount of household 
refuse placed in landfills as well as a method to stabilize biosolids produced at waste water 
treatment facilities. Compost is typically high in organic matter and has therefore been used
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as a soil amendment. In Canada, guidelines regulate the physical and the chemical properties 
of compost before it can be applied to soil (CGC 2004).
Three important factors control the success of composting. First, the microorganisms must 
have an adequate supply o f both carbon and nitrogen. Second, there must be sufficient 
amounts of oxygen present to maintain aerobic conditions, as anaerobic composting is less 
efficient and can generate odours (CGC 2003a). Third, there must be sufficient amounts of 
available water; however, too much water causes the compost to go anaerobic. Optimal 
moisture content of compost is dependent on the type of compost feedstocks, its structure, 
and air pore volume (Schuchardt 2005).
1.3.1 Compost remediation
Gomposting technology has been transferred to bioremediation to degrade organic 
contaminants. In composting-based bioremediation, contaminated soil is mixed with organic 
amendments; the resulting mixture then undergoes the four stage composting process. 
Amendments can supply nutrients (biostimulation) and microorganisms (bioaugmentation) 
(Sarkar et al. 2005) and/or can improve the physical (e.g. bulk density) and chemical (e.g. 
pH) properties o f the soil (Sanchez-Monedero et al. 2001; Gâceres et al. 2006).
The use of composting as a remediation technique for PHGs first appeared in the literature in 
the late 1970s (Ro et al. 1998). Extensive review articles on composting remediation have 
been previously published. Antizar-Ladislao et al. (2004) reviewed the remediation of 
polycyclic aromatic hydrocarbons (PAHs) using composting. Semple et al. (2001) provided a 
general review of the use of composting remediation for soil polluted with organic
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compounds. Petiot and de Guardia (2004) reviewed the use of pilot-scale composting 
techniques in laboratories. Mason and Milke (2005a and 2005b) provided two reviews on the 
physical modelling o f compost systems. Ro et al. (1998) reviewed the use of composting to 
remediate soils contaminated with explosives.
Generally, the cost of the remediation has been an important deciding factor when choosing a 
technique. Costs can range from $250-299 per ton for composting (US dollars), $230-270 per 
ton for a bioslurry treatment, and $740 per ton for incineration for the remediation o f an 
explosives-contaminated soil (USAEC 2003). The relatively inexpensive costs associated 
with composting have led to greater interest in its applications and to greater acceptance of 
composting as a method of waste reduction and stabilization.
Composting has been used successfully to remediate a variety of organic contaminants. Soils 
contaminated with explosives, pesticides, chlorophenols, wood preservatives, and PAHs 
have been remediated using composting (Jarvis et al. 1998; Semple et al. 2001; Ahtiainen et 
al. 2002; Namkoong et al. 2002). Specifically, soils contaminated with crude oil (Ma et al.
2001), diesel fuel (Van Grestel et al. 2003), oily sludges (Kirchmann and Ewnetu 1998), and 
lube oils (Jorgensen 2000) have been remediated using composting. Soils contaminated with 
the by-products o f oil exploration and production (flare pits) have also been remediated using 
composting (Chaw and Stoklas 2001). Nevertheless, there is a relative lack o f published 
research on composting remediation despite its acceptance in the remediation industry (Shaw 
et al. 1995; Antizar-Ladislao et al. 2005).
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Recent literature gives differing opinions on the effectiveness o f composting as a treatment 
option. Wan et al. (2003) found that composting soil contaminated with PAHs removed a 
maximum of 90% of the initial contaminant concentration. Choi and Chang (2005) stated 
that composting is efficient and can easily reduce the PHC content o f drilling waste in 2 
years or less. Ouyang et al. (2005) believed that eomposting was not efficient enough to meet 
the current environmental regulations as a stand alone teehnology and combined composting 
with phytoremediation for soil eontaminated with oily sludge.
There are three main advantages of using composting to remediate a contaminated soil. First, 
the composting process can introduce a significant amount o f organic matter into soil, thus 
improving the soil physical qualities (Sanchez-Monedero et al. 2001) and enhancing the 
microbial activity (Jorgensen et al. 2000). Second, the composting process is relatively 
simple to design and operate and therefore has relatively low costs (Namkoong et al. 2002; 
Choi and Chang 2005; Ouyang et al. 2005). Third, after the composting process, the soil can 
often be returned to the original site or be used at other sites (Chaw and Stoklas 2001). 
Optimization o f composting conditions allows the microorganisms to degrade the maximum 
amount of PHCs.
1.4 Composting parameters
1.4.1 Temperature
Temperature is an important abiotic factor controlling bioremediation in general and 
especially in composting. Temperature can control the rate of biodégradation (microbial 
activity), the physical and chemical properties o f the PHCs, and the microorganisms present
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in the compost pile (Whyte et al. 1998; Margesin and Schinner 2001; Hesnawi and 
McCartney 2002). The temperature of the middle of the compost pile should remain below 
65°C (Beaudin et al. 1999; Wan et al. 2003). Above this temperature, the pile begins to self- 
inhibit (i.e. the composting process stops because the excessively high temperatures greatly 
reduce the microbial population). To reach and remain in the thermophilic range, the size of 
the compost pile needs to be large enough to insulate most o f the materials from the colder 
ambient temperatures while still allowing aerobic conditions to be maintained. Because the 
majority o f materials used in composting are poor heat conductors, composting piles are 
usually self-insulating (Magalhâes 1993). Increasing amounts of microbial activity, therefore, 
causes an increase in temperature (Miller 1993).
Temperature can be used as an indicator of microbial activity. Temperature data can be 
manually recorded using a thermometer or it can be electronically recorded using 
thermocouples and data loggers. While this data cannot be directly correlated to microbial 
population size, it does indicate if  more activity is occurring in one compost system over 
another, provided that most o f the environmental and compost variables are constant for the 
systems under comparison (Miller 1993). Temperature control is an important factor in 
composting. While heat accumulation leads to increased microbial decomposition, 
temperature extremes can lead to microbial inhibition through the removal of temperature 
sensitive species (Miller 1993).
The need for large compost piles can limit composting research. In-vessel composting is 
commonly used instead of windrow composting, especially in pilot studies and multiple-
17
treatment studies (Petiot and de Guardia 2004). If the reactor design is carefully considered, 
these smaller sized reactors can produce temperatures similar to windrows. It has also 
become common to use soil microcosms in a growth chamber at higher temperatures to 
mimic the internal temperatures of compost piles (Bentham and McClure 2003).
The volatilization of PHCs during composting due to elevated temperatures is a potential 
concern from both a mass-balance perspective and an environmental perspective (Berry 
1999; Semple et al. 2003). High volatilization rates of PHCs from composting soils could 
increase local air pollution levels; therefore a method of capturing and degrading the 
escaping gases should be considered if high rates o f gases are expected (Van Gestel et al. 
2003). Sasek et al. (2003), Wellman et al. (2001), and Kirchmann and Ewnetu (1998) ail 
concluded that the volatilization of PHCs was not a significant factor in the decrease in PHC 
concentration. Kang and Oulman (1996) conducted evaporation studies using diesel, 
gasoline, and n-heptane in contaminated sand and concluded that their model showed that the 
evaporative losses o f diesel during ex-situ bioremediation should be relatively low for diesel. 
Conversely, Van Gestel et al. (2003) reported that volatilization of diesel did oecur during 
the thermophilic phase. Although no literature could be found on the effects o f compost 
mixing on PHC loss, it would be reasonable to expect that small losses would occur. Mixing 
would cause handling losses due to volatilization, increased contact between microbes, 
contaminants, and nutrients, aggregate break up, and/or introduction of air; in other words, 
mixing would have a priming effect on the compost (Joner et al. 2004).
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1.4.2 Carbon to nitrogen ratio
Additional nutrients may be needed in the compost mixture to maximize composting 
efficiency. Soils contaminated with PHCs tend to he nitrogen limited and typically require 
the soil carbon to nitrogen (C/N) ratio to he adjusted (Margesin and Schinner 2001). For 
organic waste composting, the C/N ratio is generally 30-45 (Chaw and Stoklas 2001). To 
balance maximum PHC degradation with optimal compost conditions, the C/N ratio can he 
adjusted to a higher value. This causes an increase in composting time and a decrease in 
temperature that allows more time for the degradation of the PHCs and the formation of 
mature compost. Chaw and Stoklas (2001) used a C/N of 60 to prolong the composting 
process (maturation took over 10 months); however, values o f 50 (Al-Daher et al. 2001), 30 
(Ma et al. 2003), 20 (Potter et al. 1999), and 10 (Man and McCartney unpublished data), 
have been reported.
There are several ways o f adjusting the C/N ratio of contaminated soil. First, an organic 
amendment with high nitrogen content may he used (e.g. hiosolids) to lower the C/N ratio. 
Second, commercial nitrogen fertilizers may he added to the soil (e.g. urea) to lower the C/N 
ratio. Third, a hulking agent with a high C/N ratio may also he used to raise the C/N ratio 
(e.g. wood shavings) (Wan et al. 2003).
1.4.3 Amendments
The addition of organic amendments to the soil serves as a source of carbon, nitrogen, and 
micronutrients for the microorganisms. A sufficient volume of amendments needs to he 
added to the soil to provide microorganisms with nutrients and to ensure that self-insulation
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occurs. Examples of organic amendments include manure, biosolids, leaves, and organic 
household waste (Namkoong et al. 2002). Biosolids and manure are the two most common 
amendments for large-scale composting (Haug 1993).
Biosolids, as defined by the US EPA (1994), are the organic solid product produced by the 
wastewater treatment process that can be recycled. Biosolids are the product of a sludge 
stabilization process; common stabilization processes are alkaline stabilization (usually 
lime), anaerobie digestion, aerobic digestion, and composting (Metcalf & Eddy, Inc. 2003). 
Any solids removed from wastewater prior to the stabilization treatment are generally 
referred to as sludge. Stabilization treatments are done to reduce pathogens, eliminate strong 
odours, and inhibit, reduce, or eliminate the potential for incomplete anaerobic 
decomposition (putrefaction) (Metcalf & Eddy, Inc. 2003).
Aerobic digestion produces biosolids that have a higher fertilizer value than anaerobically 
digested biosolids and the reduction of volatile solids are approximately equal to the 
reduction seen in anaerobic digestion. This type of digestion, however, has traditionally been 
limited to smaller treatment plants and there are high power costs due to supplying oxygen to 
the digester (Metcalf & Eddy, Inc. 2003).
Further treatment may be done on the biosolids to improve handling (Metcalf & Eddy, Inc.
2003). For example, using a belt-filter press to dewater the biosolids further reduces its 
volume. Other methods o f dewatering include centrifugation, filter presses, lagoons, reed 
beds, and sludge drying beds.
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There are two main advantages to choosing biosolids as the organie amendment in 
eomposting. First, biosolids have high nutrient levels. The relatively high nitrogen levels 
(generally between 3-6% on a dry mass basis), low C/N ratio, and high phosphorus content 
(~2%) make biosolids an excellent source o f nutrients for the microorganisms (CUH 2002; 
Adani and Tambone 2005). Second, processes used to digest the biosolids can increase the 
microbial population of the biosolids, thereby increasing the number o f microorganisms 
present in the compost. Also, biosolids usage have been reported to improve soil physical, 
chemical, nutrient, and biological properties (Adani and Tambone 2005).
Although biosolids have become a commonly used organic amendment in eomposting, soil 
remediation, and agricultural studies, there are still concerns about the application of 
biosolids to soils. First, the presence of pathogenic microorganisms in the biosolids may limit 
where the final compost material may be applied (Harrison et al. 2003). If, however, 
thermophilic temperatures are reached during the composting process, then this risk is 
reduced. Second, in many urban centres, the presence o f copper pipes can increase the levels 
o f this metal in compost, and limit applicable locations for incorporation into soil as well as 
potentially affecting the microorganisms (Harrison et al. 2003; Wan et al. 2003). Third, in 
some cities biosolids can have high concentrations of heavy metals, polychlorinated 
biphenyls (PCBs), PAHs, dioxins, and other organic compounds (Lazzari et al. 1999, 
McBride 2003; Harrison et al. 2003). Fourth, biosolids have a noticeable odour (CCC 
2003b), which may limit where they can be applied.
21
A bulking agent may be necessary when working with either fme-textured soils or wet 
amendments. The bulking agent can improve the oxygenation, porosity, and structure o f the 
soil (Chaw and Stoklas 2001; Jorgensen et al. 2000; Vallini et al. 2002). Bulking agents can 
also reduce the moisture content of amendments with high moisture contents. Examples of 
bulking agents include woodchips, straw, and sawdust.
1.4.4 Mix ratios
The ratio of soil to amendments varies greatly in the literature. The degradation o f PHCs 
during composting requires that there be no nutrient limitations, thereby allowing for 
maximum microbial activity and the subsequent release of heat. Lack of heat generation 
indicates that effective composting processes are not occurring (i.e., it is a biopile -  soil with 
insufficient OM added). In the literature some authors report the use of more amendment 
than soil. Jarvis et al. (1998) used a 4:1 ratio (amendment to soil; no indication of mass or 
volume ratio was given) and Van Gestel et al. (2003) used a 9:1 mass ratio. Other researchers 
have used more soil than amendment; for example, Namkoong et al. (2002) used soil to 
amendment ratios (wet mass basis) o f 1:0.1, 1:0.3, 1:0.5, and 1:1 and Wan et al. (2003) used 
a 3:1 ratio (dry mass). Heat generation was detected and reported in Van Gestel et al. (2003) 
and Wan et al. (2003); therefore the mix ratio may be dependent on the quality of the 
amendment and the experimental goals.
1.4.5 Oxygen levels
The composting process is most efficient when the majority o f the pile remains under aerobic 
conditions. To remain aerobic, oxygen levels in the compost must remain above 5-10%.
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Several different methods are available to re-oxygenate the compost. Examples include 
mechanical mixing using a front-end loader or a skid steer loader for larger windrows (Chaw 
and Stoklas 2001; Parkinson et al. 2004) and forced aeration using air blown into the bottom 
of windrows and smaller piles (Tiquia and Tam 2000). Static piles may be placed over an air 
duct, allowing for natural air diffusion through all sides or they can be placed on the ground, 
stopping diffusion from the bottom from occurring but still allowing air flow through the top 
and sides. Small composting systems have been aerated by either rolling the vessels (Potter 
et al. 1999), forced air and/or manual mixing.
When aerating compost, it is important to ensure that the compost remains hydrated and 
ammonia loss is limited. Smaller systems have used air bubbled through water to ensure that 
the aeration process does not dehydrate the compost (Leonard 1998). Loss of ammonia 
through aeration and volatilization can reduce the quality o f the final product (Tiquia and 
Tam 2000) and can lead to environmental pollution (Parkinson et al. 2004).
1.4.6 Moisture content
Moisture is an important factor in composting. Water allows microorganisms to move 
throughout the soil-amendment matrix and potentially increases the bioavailability of 
degradable compounds to microorganisms. A literature review indicated that moisture levels 
between 60 and 80% of the water holding capacity (WHC) is necessary (Beaudin et al. 1999; 
Chaw and Stoklas 2001). Levels above 80% WHC may lead to anaerobic conditions within 
the pile. Giles et al. (2001) maintained moisture contents that were 30-90% of the WHC and 
reached high mesophilic temperatures.
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1.4.7 Size requirements
The size o f composting vessels has differed widely in the literature. Some studies have used 
microcosms to simulate the centre o f the compost pile by providing external heat to the 
microcosms. For example, Magalhâes et al. (1993) used 400 cm^ glass-canning jars, Beaudin 
et al. (1999) used 1 L glass jars, Namkoong et al. (2002) used 3 L composting vessels, and 
Ma et al. (2001) used 12.5 L reactors. In other research, large field-scale windrows have been 
constructed. Chaw and Stoklas (2001) used ~ 60 m^ windrows (~3 m high and -20  m long), 
Guerin (2001) used -  1000 m^ windrows (approximately 200 m long, 5 m wide and 1 m 
high), and Al-Daher et al. (2001) used 20 m^ windrows (approximately 3 m wide, 10 m long, 
and 0.75 m high). Other studies have done research using large composting vessels. For 
example, Bentham and McClure (2003) used 30 L reactors, and Potter et al (1999) used 208 
L composting vessels. For home composting, the general recommended pile size is 1 yd^ or 
750 L (RRFB 2001). Commercially available composting vessels have also been used in 
composting research (e.g., Kirchmann and Ewetu 1998). These products are available in a 
variety of sizes, generally in the range of 10 ft  ^or 300 L.
1.5 Nitrogen dynamics in composting systems
Soils contaminated with PHCs are typically nutrient limited. Since PHCs are mainly carbon 
and hydrogen, the presence of PHCs in soils increases the C:N ratio, leaving the soil 
microorganisms nitrogen deficient. This is believed to be a reason why PHC concentrations 
can remain high for extended periods of time despite the presence of a large microbial 
population. Bioremediation enhances the natural activities of microbes by changing the
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conditions to favour high rates o f microbial activity (Choi and Chang 2005). Nitrogen 
addition is a common starting point for many forms o f bioremediation. It can be added to 
contaminated soils in different forms; typical additions include nitrogen-based fertilizers, 
manure, and biosolids (Juteau et al. 2003). Other conditions that are routinely optimized 
include pH, phosphate concentration, moisture content, and oxygen availability (Chaw and 
Stoklas 2001).
During composting, two common microbial-produced by-products are ammonium- and 
nitrate-nitrogen. Ammonium production is the result of the decomposition of organic 
nitrogen compounds (Huang et al. 2004). Ammonium-nitrogen concentration can also be 
used to determine compost maturity or stability (Caceres et al. 2006). Concentrations below 
400 mg kg'' have been used as an indicator of stability (Caceres et al. 2006; Huang et al. 
2004; Zucconi and de Bertoldi 1986). The following equation shows the formation of 
ammonium in compost (Amlinger et al. 2003; Caceres et al. 2006).
R-NH^ ^ N H j + H 2 O + R - O H 0 N H ; + 0 H '  [1.1]
At temperatures below 40°C and under aerobic conditions, ammonium may be transformed 
to nitrate (Sanchez-Monedero et al. 2001). The ammonium-N to nitrate-N ratio is used as a 
maturity index; values below 0.16 (Sanchez-Monedero et al. 2001; Maboeta and Van 
Rensburg 2003) or values between 0.1 and 0.7 have been used in literature as acceptable 
ratio values (Eiland et al. 2001). The following reactions show the formation o f nitrate from 
ammonium in compost with the corresponding microbial species (Sanchez-Monedero et al. 
2001).
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2 N H 4 + 3 Û 2 => 2 N O 2 +4H^ + 2 H 2 O {Nitrosomonas [1.2]
2 N O 2 + O 2 => 2N 0] {Nitrobacter [1.3]
During the composting process, significant amounts o f gaseous and leachate nitrogen can be 
lost. Most o f the lost gaseous nitrogen is in the form o f NH3 , but N2 and NOx can also be 
released (Eklind and Kirchmann 2000). Leachate nitrogen can be lost in the form of N O ], 
N H ], and bound nitrogen (Liang et al. 2004). The loss of nitrogen from the compost can 
reduce its agricultural quality. Barrington et al. (2002) found that the total N losses from 
manure composting ranged from ~ 2 0 % to ~ 80% and losses from biosolids, treated with a 
polymer in order to thicken the biosolids, composting were ~ 20%. Lklind and Kirchmann 
(2 0 0 0 ) showed that composting manure resulted in nearly 80% of the nitrogen being lost.
Nitrogen loss is dependent on several factors. Temperature, moisture, C/N ratio, pH, type of 
bulking agent, particle size of feedstocks, availability of carbon, and aeration ean all change 
the rate of nitrogen loss (Haug 1993; Tiquia and Tam 2000; Jeong and Kim 2001; Barrington 
et al. 2002). Aeration through manual or mechanical turning can increase NH 3 loss by 
releasing the gas that has accumulated in the internal pores o f the compost (Parkinson et al.
2004). As well, the type o f biosolids used has an effeet on the amount o f nitrogen lost. 
Biosolids that have been processed more (e.g., dewatered and digested) have a lower initial 
ammonium content compared to less processed biosolids (e.g., digested only) (Smith and 
Tibbett 2004). A model developed by Liang et al. (2004) found that NH3 volatilization was 
inversely influenced by C/N ratio and positively by aeration rate. Lklind and Kirchmann 
(2 0 0 0 ) concluded that there was no obvious method of decreasing the amount of nitrogen lost
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during composting by varying the type o f feedstocks used. Varying the feedstocks used in 
their research resulted in at least 40% of the original nitrogen being lost.
1.6 Thesis research
1.6.1 Research objectives
This research had two main objectives. The first objective of this research was to investigate 
the potential effectiveness of composting for reducing PHC concentrations in a clay soil 
spiked with crude oil and salts. Soil contamination with four different salt (NaCl) 
concentrations was done to mimic increasing levels of a brine spill. Expected results included 
the decrease in PHC degradation under high salt conditions because high salt concentrations 
are known to decrease microbial activities. Because o f known PHC analytical challenges in 
high OM systems, a compost treatment without crude oil was included to help differentiate 
between PHCs and extractable organic matter (i.e. between “true” PHCs and “apparent” 
PHCs).
The second objective was to investigate the influences of salt content and crude oil on the 
dynamics of selected physio-chemical properties of the compost over a 16-week period. The 
selected properties were electrical conductivity (EC), pH, ammonium-nitrogen concentration, 
and nitrate-nitrogen concentration. Expected results included increasing salt concentrations 
would cause increasing compost EC and the presence of crude oil in one set o f treatments 
would change the nitrogen dynamics by decreasing nitrogen loss.
27
1.6.2 Thesis outline
Chapter 2 describes the materials and methods used. Chapter 3 contains research results. 
Chapter 4 discusses trends in compost temperature and EC values, compost pH and nitrogen 
dynamics, and PHC and organic matter dynamics over the 16-week period. Finally, Chapter 
5 provides a summary of the research and presents some considerations for future research.
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Chapter 2: Materials and methods
2.1 Collection and preparation of soil and compost feedstocks
2.1.1 Soil
Soil was collected from the Aleza Lake Research Forest on October 26 2004. The soil used 
was Btg horizon material from a glaciolacustrine soil (Orthic Luvic Gleysol) that was 
collected from the top of a ridge (Arocena and Sanborn 1999). The forest litter layer and the 
A-horizon were removed before sampling the B-horizon. Soil material was obtained from 
five pits dug over a relatively small area (~ 25 m^). The soil was placed in plastic 20L 
buckets and transported to UNBC where the soil was spread on plastic sheets and allowed to 
dry to -30%  gravimetric moisture content. The soil from all of the buckets was homogenized 
by hand to provide a uniform soil for experimental work; the majority of the roots, organic 
matter, and rocks present were removed during mixing. Clumps of soil were broken into 
small aggregates ( < 2  cm), by hand, to ensure that the oil and salt (added later) was mixed 
thoroughly into the soil. The homogenized soil was placed in 20 L buckets and left in an 
unheated shed on the UNBC campus until needed.
2.1.2 Biosolids
Biosolids sampling from the Prince George Wastewater Treatment Centre occurred on 
February 1 2005. The biosolids had been anaerobically digested and belt-pressed before 
piling on an asphalt pad at the plant. Random locations on the surface o f a large biosolids 
pile were chosen and the biosolids were shoveled into plastic 20 L buckets. At UNBC, 
biosolids were hand-mixed on plastic sheets to provide a homogenous mixture and then were 
stored in plastic buckets at room temperature (~20°C) until required ( -  2 months).
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2.1.3 Crude oil
The crude oil used in the research was a locally refined, light crude oil donated by the Husky 
Energy refinery in Prince George, BC. The crude oil was artificially weathered (topped) by 
bubbling nitrogen gas through the crude for 72 hours. This was done to quickly remove the 
lighter fractions from the crude oil, a process that occurs at a slower rate when crude oil is 
spilled. Husky provided information on the crude density and general concentration trends 
for water and sediment, sulfur, and salt in the crude. The crude oil from the Prince George 
Refinery typically has a density o f approximately 0.8g m f '  at 15°C and was classified as a 
light crude oil. The sulfur content is approximately 0.5%, the sediment and water content is 
- 1 %, and the salt concentrations range from 16-100 pounds per thousand barrels (Katja 
Otting, Personal communication 2005).
2.1.4 Wood shavings and wheat grain
The two other feedstocks used in the experiment were wood shavings and wheat grain. Wood 
shavings (softwood) were purchased from a local agricultural shop and were used to absorb 
some of the moisture from the biosolids and to reduce the density of the biosolids (Haug 
1993). Wheat grain was donated by a local mushroom grower (Prince Mushrooms) and was 
used as an additional nutrient source and to reduce the effects of the high moisture content o f 
the biosolids on the composting process. Both of these feedstocks were dry therefore they 
were stored at room temperature (~20°C) until needed with no further processing done on 
them.
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2.2 Characterization of soil and feedstocks
The texture, pH, electrical conductivity (EC), cation exchange capacity (CEC), total C, and 
total N of the soil were determined. Texture was determined using the pipette method with 
pre-treatments for organic matter, and carbonates (Sheldrick and Wang 1993). The pH was 
determined using deionized water and the saturated paste method (Kalra and Maynard 1991). 
An Orion 550A pH meter with a combination electrode was used for the pH readings; the 
meter was calibrated using standard pH 4 and pH 7 buffers before each use (Thermo Electron 
Corp.). The EC of the soil was determined using the saturated paste extraction method (Kalra 
and Maynard 1991). The paste was subjected to vacuum filtration through Whatman number 
42 filter paper and the extract EC was measured using an YSI 3100 conductivity meter and 
electrode. The instrument automatically corrected EC results to 25°C. A 0.01 M KCl solution 
was used to standardize the instrument prior to analysis. Effective CEC was determined 
using the summation method in a O.IM BaCli extract and analyzed using an ARE 3560 ICP- 
AES (Hendershot et al. 1993). Total N and C were determined on <100 mesh samples (air- 
dried then ground in a Brinkman model MM2 ball mill) by dry combustion method using a 
Fisons 1500 NC Elemental Analyzer (Bremner 1996; Nelson and Sommers 1996).
The CEC, and total C and N were determined for the biosolids using the previously described 
methods. The pH of the biosolids was measured using a 1:5 (wet mass) biosolids to 
deionized water ratio and a 1:5 (wet mass) biosolids to 0.0IM CaClz ratio (Kalra and 
Maynard 1991). After the addition o f water or CaCli to the samples, the samples were stirred 
periodically over a 30-minute period and were then left to equilibrate for an additional 30 
minutes. An Orion 550A pH meter with a combination pH electrode was used to make the
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measurements. The EC was measured using a 1:5 ratio (wet mass; biosolids to deionized 
water) extraet. The sample-water mixture was shaken on a platform shaker for approximately 
1 hour, prior to letting the samples settle for approximately 30 minutes. Samples were then 
vacuum-extracted through Whatman 42 filter paper. The extract measurement was conducted 
with a YSI 3100 conductivity meter and eleetrode (YSI Inc.).
The pH (1:5 for the wheat grain and 1:10 for the wood shavings for both deionized water and 
CaCb), EC (1:5 for wheat grain and 1:10 for wood shavings), CEC, and total C and N were 
measured for both the wood shavings and the wheat grain using the previously described 
methods. A higher ratio was used for the wood shavings pH and EC measurements because 
the wood shavings rapidly sorbed up all of the initial water added to them. More water, 
therefore, was needed to make enough solution to cover the pH probe and to provide enough 
extract to both filter and measure the EC.
2.3 Experimental design and set-up
An indoor in-vessel composting experiment was conducted in a greenhouse pod at the 
UNBC Enhanced Forestry Laboratory (EEL). The experiment was designed as a two-factor 
factorial with three replicates for each treatment combination. The two experimental factors 
were erude oil addition and salt (NaCl) addition to clay soil. The crude oil addition had two 
levels: (i) no crude oil added and (ii) crude oil added (5% of soil on a dry mass basis). Four 
salt addition levels were chosen: (i) none added (ii) a low rate (target EC of the soil was 10 
dS/m), (iii) a medium rate (target EC of 30 dS/m), and (iv) a high rate (target EC of 70 
dS/m). These values were chosen because they represent a typical non-contaminated clay soil
32
and three increasingly salt contaminated soils; the highest two values represent environments 
that would be highly impacted by the high EC. In total, there were 24 compost bins ( 8  
treatments x 3 replicates); Table 2.1 summarizes the experimental treatments.
Crude Oil Added ® Target EC Treatment Symbol Measured EC (dS/m)**
Yes 0 Owe 0.16
Yes 1 0 I Owe 9.9
Yes 30 3 Owe 25.7
Yes 70 70 we 51.8
No 0 One 0.18
No 1 0 I One 8.6
No 30 3 One 26.8
No 70 70nc 75.7
Crude oil was added to soil prior to EC measurement.
’’ Values were measured on saturated paste extracts and are the average o f two replicates.
Target EC values were calculated using the relationship between ionic strength (1) and EC. 
Ionic strength was calculated using the concentration of each species (Na^ and Cf) in moles 
per litre and the charge of each species. Ionic strength was converted to EC using the 
following equations (Griffin and Jurinak 1973; Bohn et al. 1979).
I = O.SZMjZi where M; = cone, of species i (mole/L) and -  charge on species i [2.1]
I = 0.013EC where I is in units of mole/L and EC is in units of dS/m [2.2]
The compost had an oven-dried mass ratio of two parts wood shavings, one part biosolids, 
one part wheat grain, and one part soil (2:1:1:1). The mass of soil required for one bin (6.3 
kg on a wet weight basis or 5.0 kg OD mass basis) was weighed into a plastic tray and the 
appropriate amount o f NaCl was added directly to the soil (either 0 kg, 0.0480 kg, 0.1455 kg,
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or 0.4365 kg was added to 6.3 kg of soil). The soil and salt were mixed together and allowed 
to equilibrate for approximately 5 days; after 5 days, a salt crust could be seen on the surface 
of the 70 treatment soils and there were no visible salt crystals on the other soils. EC 
measurements were made at this time to ensure that the target EC values were met (Table 
2.1). Although produced waters typically consist of a mixture of chemicals, with NaCl being 
the major component, it was decided for this research to use NaCl only. It was felt that the 
NaCl-only addition would provide a reasonable surrogate for produced water.
To each tray of soil that required crude oil, 5% (w/w dry mass basis) o f the crude was added. 
The soil was mixed and allowed to additionally weather for another 7 days in the greenhouse. 
Prior to mixing the soil with the other feedstocks, all of the soil required for each treatment 
combination was mixed together to further homogenize the soil (i.e. all 3 trays o f the Owe 
soil were mixed together in a 20 E bucket).
Plastic garbage cans (121 L, -75 cm high, -5 0  cm diameter) were used as the composting 
bins. The sides and lid of each bin was wrapped with a layer of insulation (fibreglass; R-12) 
and plastic sheeting to reduce heat loss. A plastic-coated wire screen (-1 cm mesh) was 
placed near the bottom of each can to help aerate them. As well, approximately 6  holes were 
drilled into the lid and bin using a 3/8-inch drill bit to help increase airflow in the bins.
The contents of each compost bin were assembled individually but the three replicates o f 
each treatment combination were assembled consecutively, Due to the length o f time 
required to combine all o f the feedstocks for one bin, the set-up took place over several days
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(April 1 2005 to April 7 2005). The start time of each bin was recorded and the sampling 
times were adjusted appropriately. Once all o f the feedstocks were combined, between five 
and six litres o f tap water was added to each bin to increase its moisture content. Throughout 
the 16 weeks, the moisture content o f the compost bins fluctuated due to evaporative losses; 
it was kept between approximately 100-200% (OD mass basis) with an average moisture 
content o f 177% (OD mass basis). The water holding capacity o f the compost was 
approximately 220% on an OD mass basis; therefore the moisture content o f the compost 
bins were between approximately 45-90% of its water holding capacity. Although this range 
is large, at no time did the compost become dry to the touch nor did one bin become 
excessively more dry or wet than another. This moisture content range was chosen because it 
was easy to maintain (i.e. water did not need to be added on a daily basis, only on an as- 
needed basis) and it eorresponded with values used in literature (Giles et al. 2001).
As the bins were completed, they were randomly placed in the greenhouse pod, mixed, and 
immediately sampled (time 0 samples). The final sampling date for each bin took place 
between July 23 2005 and July 28 2005. The room temperature of the pod was kept at 21°C 
for 16 hours and reduced overnight to 15°C throughout the 16 weeks. Temperature 
fluctuations were due to another experiment running at the same time in the pod.
2.4 Compost mixing and sampling
Prior to sampling, the bin was mixed using a commercially available compost turner (see 
Figure 2.1). The eompost turner consisted of a handle and a metal shaft with a pointed end 
approximately 80 cm in length. Near the end of the shaft were two hinged flaps that open-up
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when the turner is lifted upwards in the compost. The bins were only mixed when low 
oxygen levels were noted (see below) or on the specified sampling dates.
Figure 2.1: Typical compost turner (Cortesia Sanctuary & Center 2006).
Compost was sampled for ammonium- and nitrate-nitrogen, petroleum hydrocarbons 
(PHCs), polycyclic aromatic hydrocarbons (PAHs), and ash on weeks 0, 1,2,  4, 8 , and 16. 
Weekly measurements for gravimetric moisture, pH, and EC were made. A composite 
sample was obtained from each bin by collecting compost from 6  random locations in the top 
20 cm of the bin. Approximately 150 g (wet mass) was removed at each sampling date. It 
was assumed that the mixing process homogenized the compost (Jorgensen et al. 2000). 
Samples were stored at 4°C until analyzed.
2.5 Compost monitoring and analysis
2.5.1 Temperature and oxygen monitoring
Eight bins had water/soil temperature sensors (Onset Computer Corporation) inserted into 
approximately the middle o f the compost material; the temperature o f the compost was 
recorded on an hourly basis by HOBO data loggers. Temperature sensors and data loggers 
were randomly assigned to one o f the three replicate bins o f each treatment so that there was
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a complete temperature data set for each of the eight treatments. These treatments were 
arbitrarily assigned the designation o f the first replicate to simplify the set-up.
Periodic oxygen measurements were made using a oxygen/temperature probe (Demista 
Instruments) to ensure that aerobic conditions were maintained in the compost bins. If 
oxygen levels fell below 5%, the bins were manually aerated by mixing. Time constraints 
prevented more frequent measurements from being taken and recorded. During the first three 
weeks of the experiment, typical oxygen values in the selected bins ranged from 0 - 1 1 %; 
values below 5% were manually aerated. After the first three weeks, oxygen values increased 
to atmospheric levels.
2.5.2 Moisture and ash determination
Gravimetric moisture content was measured on a 5 g sample; the samples were placed in a 
110°C oven overnight and the next day the samples were cooled in a desiccator and weighed 
to determine water loss. Ash content was determined using a loss on ignition test. After 
heating the samples to 110°C overnight in a porcelain crucible, the samples were then heated 
in a 550°C muffle furnace for 4 hours, cooled for approximately 30 minutes in a desiccator, 
and then weighed (TMECC 2002).
2.5.3 pH in water
The pH measurements used a 1:5 ratio o f wet mass compost to volume of deionized water 
(Karla and Maynard 1991). An Orion 550A pH meter with a combination electrode was used 
for measurements. Saturated paste measurements are generally not made on composts due to
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the high compost water sorption capabilities; ratios of 1:5 and 1:10 are commonly used in 
compost studies. The US Composting Council’s standard method specifies the use of a 1:5 
ratio (TMECC 2002).
2.5.4 Electrical conductivity
The 1:10 ratio o f wet compost to deionized water was used for the EC measurements in this 
research. Samples were weighed into 150 mL plastic bottles, deionized water was added, and 
the samples were capped. The bottles were shaken on a platform shaker for 1 hour and 
allowed to settle for approximately 30 minutes. The samples were then vacuumed-filtered 
through Whatman 42 filter paper (Karla and Maynard 1991). The compost was difficult to 
filter and had a high sorption rate; therefore using a higher volume of water meant there was 
still free liquid available for filtering. A YSI 3100 conductivity meter and electrode (YSI 
Inc.) measured the EC. All measurements were automatically corrected to 25°C by the 
instrument.
2.5.5 Mineral nitrogen
Ammonium- and nitrate-nitrogen concentrations were determined using a 1:10 (oven-dried 
mass compost) 2M KCl extraction. The samples were shaken on a platform shaker for 
approximately one hour, settled for approximately 30 minutes, and filtered gravimetrically 
using Whatman 5 filter paper. The extracts were analysed using an Auto Analyzer 3 
automated analyzer (Bran and Luebbe, Folio Instruments). The ammonium-nitrogen analysis 
used the salicylate method at 660nm and the nitrate-nitrogen analysis used the cadmium
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reduction method at 550nm (Kalra and Maynard 1991). Samples were kept frozen at -20°C 
prior to analysis and allowed to thaw in a fridge prior to analysis.
2.5.6 PHC analysis
Petroleum hydrocarbons were quantified by determining concentrations of CCME PHC 
fractions (CCME 2001b). Due to the topping of the crude oil prior to use and the weathering 
o f the contaminated soils before composting started, it was assumed that there were 
insignificant concentrations o f FI (nC6-nC10) in the composted soils. The PHC extraction 
method followed the work o f Schwab et al. (1999). Adjustments to the method o f Schwab et 
al. (1999) were made during preliminary work and are described below.
In summary, a 5 g sample (wet mass) was weighed into a 250 mL glass sample jar with a 
Teflon-lined cap. Approximately 40 mL each of hexane and acetone (GC-grade) were added 
to the jar. The samples were shaken on a platform shaker for approximately Ihr. The solvent 
was then removed, using an Eppendorf pipette, replaced with another 80 mL of the total 
solvent, and returned to the shaker for another hour. This was repeated once more for a total 
of 3 hours of shaking and approximately 240 mL of total solvent. Extract samples were 
dehydrated and cleaned using the CCME cleanup procedure (CCME 2001b). Glass columns 
(16 mm I.D.) (bottom plugged with glass wool) eontained approximately 6.5 cm of 70 -  230 
mesh, Grade 60Â activated (110°C, >12 hours) silica gel (Fisher S286-1) and approximately
2.5 cm ACS anhydrous (10 -  60 mesh) sodium sulphate (Fisher S415-212), which was dried 
at 400°C for 4 hours. The columns were first rinsed with approximately 25 mL of solvent. 
The first hour aliquot was ran through a column and collected. The second and third aliquots
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were combined and placed through another column (prepared as before) and collected in the 
jar containing the first aliquot. Each sample jar had 4.0 mL of toluene added. The combined 
extracts were evaporated in a fume hood until the sample volume reached 4.0 mL. Each 
sample was then split between two 2 mL GC vials. The extracts were kept at -4°C until 
analysis.
The samples were analyzed on a Varian (Varian CP-3800) Gas Chromatograph with a flame 
ionization detector (GC-FID). The column was a 15 m CP -  Sil 5CB (Varian) with an 
internal diameter of 0.25 mm and a 0.25 pm film thickness. A 1.0 pL sample was injected 
into the injection port using a Varian CP 8400 Auto Sampler into a split/splitless injection 
port (Model 1177) held at 320°C for the entire run. A split ratio o f 5:1 was used for the first 
minute after injection, at 1 minute it was increased to 1 0 0 , and at 2  minutes it was decreased 
to 20. The column temperature program was 50°C for 2 minutes, ramped up to 110°C at 
15°C/min with no hold time, then ramped up to 320°C at 10°C/min with an 8 -minute hold, 
for a 35-minute run. The carrier gas, helium, had a flow rate of 30mL/min. The FID was kept 
at 340°C.
Seven straight-chain n-alkanes were used as analytical standards: decane (nClO), hexadecane 
(nC16), tricosane (nC23), dotriacontane (nC32), tetratriacontane (nC34), and pentacontane 
(nC50) (all purchased from Sigma Aldrich). The nC19 and nC32 compounds are not required 
under the CCME; they were included to allow for possible comparisons with the BC soil 
PHC standards. The nC23 compound was used to divide the F3 fraction into F3a and F3b 
fractions. Five different concentrations (10, 20, 50, 100, and 200 ppm or pg per mL) o f the
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mixed standards were made in toluene. An average response factor was calculated using the 
response factors of the individual compounds (CCME 2001b). Peak retention times were 
used to mark the beginning and end of the F2, F3a, F3b, and F4 fractions; the chromatograms 
were integrated within the four fractions and the average response factor was used to 
determine the concentrations (CCME 2001b). At the present time, F3a and F3b are not 
official CCME fractions.
2.5.7 PAH analysis
An analysis o f polycyclic aromatic hydrocarbons in the compost samples using GC-MS/MS 
(Varian Saturn 2200) was attempted. The samples used in this analysis were the same ones 
generated for the FID study. The auto sampler was programmed to inject a 1 .OpE sample into 
the instrument 1-minute after the FID injection (injector Model 1079). The column was a 
Zebron ZB-5 30m capillary column with an internal diameter of 0.25mm and a film 
thickness of 0.25pm (Phenomenex). The MS/MS method was adapted from a method 
provided by Varian. The run was divided into 11 different segments with each segment 
representing a filament/multiplier delay, a single PAH, or two similar PAHs. Three standards 
were chosen (pyrene, aeenaphthene, and benzo[a]anthracene; Sigma Aldrich). Four different 
concentrations were chosen (0.2, 0.5, 2, and 10 ppm) and a set of mixed standards was made 
in toluene. Response factors for pyrene and aeenaphthene were calculated; 
benzo[a]anthracene did not appear in the chromatograms. This was possibly due to 
insufficient time for elution or the observed high activity of the column.
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2.5.8 PHC data analysis
The area counts from the FID were converted into parts per million (ppm; equivalent to 
milligrams per kilogram) using the following calculations. The average response factor (RF) 
was used to convert area counts into pg/mL. Once in this form, the values were corrected for 
compost mass used and for the final volume of extract (4 mL). The mass of compost used 
was accounted for in one o f two ways. The first analysis used the oven-dried mass of 
compost to calculate the final PHC results; the second analysis used a correction factor to 
compensate for the change in compost mass over the 16 weeks. As the composting process 
occurs, mass loss occurs because of the conversion of decomposable material to carbon 
dioxide and water. Ash is the most chemically stable parameter during composting; 
therefore, a conversion of all of the PHC data to an initial dry mass basis using the following 
equation was done (Beaudin et al. 1999; Amir et al. 2005):
PHC (mg/kg initial dry mass = PHC (mg/kg dry x initial ash fraction
compost) compost) ash fraction at tim e o f  sam pling
[2 .1]
The reported final PHC results are the average of the results of the three bins. During the 
calculation of the ash-normalized results, the final PHC result was calculated based on the 
measured ash content o f the corresponding compost bin. Correspondingly, the results based 
on the oven-dried mass were first calculated on a per bin basis and then averaged.
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2.6 Statistical analysis
The normality o f the resulting data was determined using the Kolmogorov-Smimov test and 
p<0.05. All data were determined to be normal, therefore parametric statistics were deemed 
appropriate. Repeated measures analysis o f variance (ANOVA) was used to determine if 
there were any significant differences (p<0.05) between the measured values at each 
sampling time.
Differentiation of found significant differences for the three main factors (i.e. crude oil 
presence, time of sampling, and salt level) used the Tukey test to determine which treatment 
level was significantly different (p<0.05) in the results of the chemical and physio-chemical 
properties. The results o f the both PHC analysis methods (non-normalized vs. ash- 
normalized) for the crude oil containing composts and the non-crude oil containing composts 
were analyzed separately and were further divided by the CCME fractions (i.e. the F2 
fraction of the oven-dried mass was analyzed using the repeated measures ANOVA and the 
Tukey test). Statistica software (Version 6 , StatSoft, Inc.) was used for statistical analyses.
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Chapter 3: Results
3.1 Soil and feedstock characteristics
Tables 3.1 and 3.2 summarize the measured soil and feedstock characteristics. Briefly, the 
soil was acidic (pH of 4.61) with a low EC. The texture of the soil was determined to be clay 
(23.6% silt, 1.8% sand, and 74.6% clay). The soil CEC was relatively high compared to 
some o f the other feedstocks; it was approximately 1.5-times larger than the wheat grain and 
2-times the CEC of the wood shavings. After partial air drying, the moisture content of the 
soil was 0.27 g H2O per gram of oven-dried soil.
The biosolids had a slightly basic pH (see Table 3.1). Compared to the other feed stocks, the 
EC for the biosolids was high (4.65 dS/m); it was approximately 4.5-times higher than the 
wheat grain and approximately 24-times larger than the soil and wood shavings. CEC results 
for the biosolids were approximately 3-times larger than the soil and 5-times larger that of 
the wood shavings and wheat grain. In comparison to the other feedstocks, its ash fraction 
was high.
The wood shavings were acidic with a low EC and relatively low CEC. Its ash content and 
moisture content were also low. Conversely, the wheat grain had a neutral pH and an EC that 
was approximately 5-times higher than the wood shavings and the soil. CEC values for the 
wheat grain were slightly higher than values for the wood shavings. The ash content of the 
wheat grain was between that of the biosolids and the wood shavings.
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All three feedstocks had high total carbon values. Only the biosolids and the wheat grain had 
large amounts of total nitrogen present (Table 3.2). The C:N ratio for the biosolids, wheat 
grain, and soil were relatively similar while the wood shavings had a high C:N ratio. Based 
on a 2 :1 :1 : 1  mass ratio of wood shavings, wheat grain, biosolids, and clay, the calculated 
C;N ratio o f the initial compost, was approximately 77. This value does not take into account 
the crude oil content (overall, the crude oil accounted for approximately 1 % of the total 
mass).
Table 3.1: Selected properties of soil and compost feedstocks (all measurements made
Substrate pH (H2O) » pH (CaCh) “ EC(dS/m)» Moisture ’’ Ash Fraction =
Biosolids 8.05 7.69 4.65 3.19 0 3 3 “
Wood shavings 4.84 ' 4 3 2  = 0.18 = 0.71 f 0.02 s
Wheat grain 6J2 5.85 1.03 0.40 f 0 .2 0 “
Clay Soil
a A ^
4.61 nd' 0 .2 0 "
r . _ _ :
0.27 J nd
Units are grams of water per gram of 
oven-dried substrate.
Units are grams o f ash per gram of oven- 
dried substrate.
‘’Average o f 6  replicate samples.
® Measurements made on a 1:10 solution.
® Based on 1 sample (other sample 
dropped).
Measurement made on saturated paste. 
' Not determined.
•' Average o f 4 replicate samples.
Substrate Total C (g/kg) Total N (g/kg) C:N ratio CEC cmol/kg
Biosolids 379.40 (2.47) 45.03 (0.40) 8.42 81.48(1.22)
Wood shavings 517.75 (5.88) 2.97 (0.52) 174.05 13.42 (1.49)
Wheat grain 477.60 (0.89) 32.50 (0.49) 14.70 17.54 (0.49)
Clay Soil 11.91 (0.10) 1.08 (0.01) 10.98 26.44 (0.15)
“Values in brackets are the standard deviation o f three replicates 
3.2 Temperature
Figure 3.1 shows the changes in temperature over the 16 weeks. Table 3.3 summarizes the 
collected temperature data. The room temperature data provided baseline temperatures for 
comparison. In Figure 3.1, there was a gap in the data in the graph for the 70wc treatment;
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this gap was due to equipment malfunction. Short-term spikes in the room temperature data 
early in the experiment were due to extreme room temperatures, which caused the cooling 
system to start. These spikes are also reflected in the peak temperature data in Table 3.3. The 
experiment took place in a greenhouse pod therefore significant amounts o f sunlight caused 
the room to warm up significantly before cooling units turned on. These short-term 
temperature increases only lasted an hour or two and should not have compromised the 
experimental units (which were well insulated).
The bins rapidly warmed up to the upper end of the mesophilic stage and lower end of the 
thermophilic stage (>40°C). The temperatures remained elevated for approximately 2 weeks 
and then gradually cooled. By the end o f the 16 weeks, compost temperatures were slightly 
higher than room temperature and they followed a diurnal pattern. The two bins with the 
highest salt concentrations (70nc-l and 70wc-l) showed a more abrupt decline in 
temperature whereas the other bins had a more gradual decline.
Because temperature measurements were not replicated, no statistical analyses were run on 
these data. Overall trends will be described here. The peak temperature data for the eight bins 
ranged between 41 - 54°C. In all cases, except for the lOnc/wc treatments, the non-crude 
treatment had a higher peak temperature than the crude treatment for the same salt treatment. 
Also, for the lOnc/wc treatments, the non-crude treatment had a shorter time to peak 
temperature than the crude treatment for the same salt treatment. All o f the areas under the 
curve for the non-crude treatments were higher than those for the crude oil treatments.
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Generally, mean temperature over the 16-week experiment was higher for the non-crude 
treatment except for the 70nc/wc pair.
Table 3.3: Summary of temperature data collected during 16-week composting 
experiment.
Bin* Peak (°C) Hours to peak Mean (°C) Area under curve
One 45.4 274 284 77698
Owe 41.1 326 26.0 69886
lOne 4 54 187 2T 2 72976
lOwe 50.1 180 26.8 72007
3 One 46.9 98 27.1 72749
3 Owe 44.9 229 26.0 69682
70ne 54.1 210 26.2 71036
70 we 4^6 339 274 63251
Room 374 265 18.4 49627
See Table 2.1 for explanation o f treatment symbols.
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Figure 3.1: Hourly temperature data collected from eight compost bins and the room 
temperature over the 16-week composting experiment. The wc label represents crude 
oil-containing compost, nc represents non-crude oil-containing composts, and the 
number is the salt concentration treatment.
3.3 pH in water
Figure 3.2 illustrates changes in pH in the eight treatments over the 16 week experiment. The 
graphs show a typical pH trend for compost for all treatments; the pH peaked near the peak 
temperature occurrence. After, the pH declined until the end of the experiment. Near the end 
o f the experiment, the rate of decrease declined, but the pH values did not level out.
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Results from weeks 0, 1,2,  4, 8 , and 16 were statistically analyzed using repeated measures 
ANOVA and the p-values are presented in Table 3.4. The testing determined that time, the 
presence or absence of crude oil, and the interactions between time and crude oil and time 
and salt were significant factors in the pH values. Overall, composts with crude oil had 
significantly lower average pH than composts without crude oil. The mean pH at weeks 1 
and 2 were similar (p > 0.05) whereas the mean pH at all other tested times were 
significantly different.
X
Oh
9.0 9.0
— One 
— 10nc 
—A— 30nc 
—4 — 70nc
— Owe 
—o— 10wc 
— A — 30wc 
— 70wc
8.5 8.5
8.08.0
7.57.5
7.07.0
6.5 6.5
6.0 6.0
5.5 5.5
5.05.0
4.54.5
4.04.0
0 2 4 6 8 10 12 14 160 2 4 6 8 10 12 14 16
Time (Weeks)
Figure 3.2: pH in water of the eight compost treatments over the 16-week experiment. 
Error bars represent the standard deviation of three replicates. The wc label represents 
crude oil-containing compost, nc represents non-crude oil-containing composts, and the 
number is the salt concentration treatment.
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Table 3.4: The p values obtained from the repeated measures ANOVAs used to
Treatment D F “ pH EC N H /-N NO3-N N : N*’ Ash fraction
Sah(S) 3 0J3 <0 . 0 0 1 0.14 0 . 1 2 0.41 0.54
Crude (C) 1 0 . 0 2 0.16 0.15 <0 . 0 0 1 0.03 021
S * C 3 0.47 0.84 0.78 0.006 0.26 0.69
Time (T) 5 <0 . 0 0 1 <0 . 0 0 1 <0 . 0 0 1 <0 . 0 0 1 <0 . 0 0 1 0.009
T * S 15 0.04 &32 0 . 0 1 0.006 0.07 029
T* C 5 0 . 0 2 0 . 0 2 0.09 0.002 0.003 026
T * S * C 15 0.24 0.004 &58 0 . 0 1 0 . 0 2 0.77
 ^Degrees of freedom.
*’ Calculated N H /-N  : NO 3 ' -N ratio.
3.4 Electrical conductivity
Figure 3.3 shows changes in EC values over 16 weeks. At the start of the experiment, the EC 
values for all treatments began to increase, peaking on week 2 , followed by a decrease 
ending on week 4. After week 4, the values began increasing until the end o f the experiment. 
Initial compost EC values increased with the increase in salt concentration but only had a ~ 
2-fold increase compared to the initial soil-only values, which had a ~ 400-fold increase 
between 0 and 70 treatments (Table 3.1).
Significant factors included time, salt, the interaction between time and crude oil, and the 
interaction among time, crude oil, and salt (Table 3.4). The average EC for all treatment 
combinations on weeks 2  and 8  were similar to each other; additionally, weeks 1 and 2  were 
similar to each other. ECs from weeks 0, 4, and 16 were significantly different from all o f the 
other weeks. The average EC for the 70 salt treatments was significantly higher than the 
other three salt treatments. Average EC values for the 0 salt treatments and 10 salt treatments 
were similar to each other and were significantly lower than the other salt treatments. EC
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Figure 3.3: Electrical conductivity of the eight compost treatments over the 16-week 
experiment. Error bars show the standard deviation of three replicates. The wc label 
represents crude oil-containing compost, nc represents non-crude oil-containing 
composts, and the number is the salt concentration treatment.
3.5 Ash content
Figure 3.4 shows the changes in ash content over the 16 weeks. The overall trend was an 
increase in the ash content over the 16 weeks for both the crude oil composts and the non­
crude oil composts. The average percent increase in ash concentration was 8 6 % for all
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treatments; average pereent increases values ranged from 29% (30wc) to 248% (Owe). Only 
the Owe and 3One (112%) treatments had increases over 100%.
Statistical analysis indicated that time was the only significant factor in the ash analysis 
(Table 3.4). The Tukey test indicated that times 0 and 16 were significantly different from 
each other and that the remaining weeks had similar ash contents for all treatment 
combinations.
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Figure 3.4: The ash fraetion of the crude oil and non-crude oil containing compost 
treatments over the 16 weeks. Error bars are the standard deviation of the three 
replicates. The wc label represents crude oil-containing compost, nc represents non­
crude oil-containing composts, and the number is the salt concentration treatment.
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3.6 Ammonium -  nitrogen
The results of the N H /-N  analysis (mg N kg"' dry compost) are shown in Figure 3.5. 
Initially, all treatments had similar values (between 500 mg and 800 mg NH4 "^ -N per kg of 
compost for the non-crude treatment and between 400 mg and 700 mg NH4^-N per kg of 
compost for the crude oil treatment). Once the compost began heating up, the NH4^-N 
concentrations increased rapidly. After approximately week 2, the values began decreasing. 
After 16 weeks, the NH4^-N values were close to the initial values.
Repeated measures analysis o f variance indicated that there were significant differences in 
the time factor and there was an interaction between time and salt (Table 3.4). The Tukey test 
indicated that the average NFl4^-N concentration for weeks 8  and 16 were similar to each 
other and weeks 0 and 16 had similar results. All o f the other weeks had ammonium-nitrogen 
values that were significantly different from each other.
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Figure 3.5: The ammonium-nitrogen concentration in the eight compost treatments 
over the 16-week experiment. Error bars are the standard deviation of three replicates. 
The wc label represents crude oil-containing compost, nc represents non-crude oil- 
containing composts, and the number is the salt concentration treatment.
3.7 Nitrate -  nitrogen
The results o f the NOa’-N analysis (mg N kg'' dry compost) are presented in Figure 3.6. 
Initially, the nitrate values were low for all treatments (most were below 5 mg N kg"' dry 
compost). After the temperature peak occurred and the N H ^-N  values began decreasing, the 
nitrate values began increasing. By the end o f the 16 weeks, the values had yet to level off.
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Repeated measures ANOVA indicated significant differences in the time and crude oil 
factors, the interactions between crude oil and salt, time and crude oil, and time and salt, and 
the interaction among time, salt, and crude oil (Table 3.4). The average nitrate-nitrogen value 
for all the non-crude oil treatments was significantly lower than the average nitrate-nitrogen 
value with crude oil. The average nitrate-nitrogen values for all combinations of crude and 
salt treatments for weeks 0, 1, and 2 were statistically similar to each other (p>0.05). The 
values for weeks 4, 8 , and 16 were significantly different from each other and from weeks 0, 
1 , and 2 .
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Figure 3.6: The nitrate-nitrogen concentration in the eight compost treatments. Error 
bars show the standard deviation of three replicates. The wc label represents crude oil- 
containing compost, nc represents non-crude oil-containing composts, and the number 
is the salt concentration treatment.
Table 3.5 contains the ammonium- to nitrate-nitrogen ratios over the 16 weeks. In this 
experiment, initial values ranged from ~ 200 to 16. Overall, the crude oil treatments had 
significantly lower values than the non-crude oil treatments (Tables 3.4 and 3.5). Final ratios 
ranged from 0.1 to 0.4. The average values for weeks 1 and 2 were statistically similar to 
each other and the average values for weeks 0, 4, 8 , and 16 were statistically similar to each 
other.
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Week One lOnc 30nc 70nc Owe lOwc 30wc 70wc
0 108 184 199 171 16 147 60 145
1 353 758 235 696 109 444 131 172
2 147 72 2 1 109 28 278 8.3 16
4 3.12 4.81 5.06 4.34 2.95 5.24 2.18 3.80
8 0.65 2.04 2.63 3.39 0.91 1.80 0.63 1.31
16 0.42 0.36 0.43 0.24 0.15 0.36 O.ll 0.16
All values are the average of three replicates.
3.8 PAH results
Quantitative results of the PAH analyses were not obtained. Although the three chosen 
compounds (pyrene, aeenaphthene, and benzo [a] anthracene) were present in the topped 
crude oil, concentrations in the compost were very low and quantification was not easily 
measurable. Due to time constraints and technical challenges, no further quantification was 
attempted.
3.9 Dry mass PHC results
Figures 3.7 and 3.8 illustrate changes in PHC concentration of each of the four fractions (F2, 
F3a, F3h, and F4) over the 16 weeks for both the wc (with crude oil) and nc (no crude oil) 
treatments on a dry mass basis. In the Owe treatment, most of the degradation occurred over 
the first 4 weeks for all four fractions. Over the remaining 12 weeks, PHC concentrations in 
the four fractions remained relatively stable. Although fraction F4 concentration initially 
decreased, the final concentration was roughly unchanged from the initial concentration. In 
the I Owe treatment, the PHC concentrations showed no clear trend. The F2 and F4 fractions 
showed little decrease over the 16 weeks; the F2 fraction had a slight increase in 
concentration. The decrease in the F3a fraction was more noticeable over the 16 weeks. In
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the F3b fraction, PHC concentrations had a substantial decrease over the 16 weeks. PHC 
concentrations in the 3 Owe treatment generally decreased over the course of the experiment 
with the greatest decreases coming in the first 8 weeks. Week 4 was an exception for the F2 
and F3a fractions that apparently increased from week 2 to week 4. The 70wc PHC 
concentrations fluctuated over the 16 weeks. Fraction F3a and fraction F3b had slight overall 
decreases in PHC concentration over the course o f the experiment whereas fractions F2 and 
F4 had slight increases in PHC concentration over the 16 weeks.
All four salt treatments had similar PHC concentration trends in the non-crude oil containing 
composts on a dry mass basis (Figure 3.8). Over the first 4 weeks a noticeable decrease in 
concentration for all four fractions occurred. Concentrations were approximately stable over 
the remaining weeks. In general, concentrations of PHC fractions in non-crude oil treatments 
(Figure 3.8) were less than those for crude oil treatments (Figure 3.7). It should be reiterated 
that PHC concentrations in non-crude oil amended treatments are apparent concentrations 
due to analytical interferences from organic feedstocks or decomposition products.
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Figure 3.7: PHC concentrations of the four CCME fractions over the 16-weck 
experiment for the crude oil containing composts on a dry mass basis. Error bars are 
the standard deviation of three replicates. The wc label represents the crude oil- 
containing compost and the number is the salt concentration treatment.
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Figure 3.8: Apparent PHC concentrations in the four CCME fractions on a dry mass 
basis for the non-crude oil composts over the 16-week experiment. Error bars are the 
standard deviation of three replicates. The nc label represents non-crude oil-containing 
compost and the number is the salt concentration treatment.
Table 3.6 summarizes the statistical analysis results on an oven-dried mass basis. In all four 
fractions, crude oil was a significant factor, with the nc treatments having significantly lower 
PHC concentrations. Time was significant for the F3a, F3b, and F4 fractions in all salt 
treatments. In fraction F3a, week 8 PHC concentrations are significantly lower than week 0 
results but are similar to weeks 1, 2, 4, and 16. PHC concentrations in weeks 0, 1,2,  4, and 
16 were also similar to each other. In fraction F3b, PHC concentrations on weeks 0, 1, and 2
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were similar and larger than the remaining weeks. Weeks 4, 8, and 16 had similar results. For 
fraetion F4, the PHC concentration during week 4 was significantly lower than the other 5 
weeks. Results for weeks 0, 1,2, and 16 were similar to each other and results for weeks 0, 2, 
8, and 16 were also similar. The salt factor was significant in the F3b and F4 fractions. The 
treatments with no added salt had significantly lower PHC concentrations compared to the 
other three salt treatments in fractions F3b and F4. This can be seen in Figure 3.8 where 
compared to the 3 other graphs, the graph for the Owe treatment had a much different pattern. 
The F3b and F4 fractions had much lower initial concentrations compared to the 3 other 
treatments. All o f the interactions factors were significant for the F4 fraction but were not 
significant for the other fractions.
Table 3.6: The p values from the repeated measures ANOVA for CCME PHC fractions 
on a dry mass results.
Treatment D F “ F2 F3a F3b F4
Crude oil (C) 1 <0.001 <0.001 <0.001 <0.001
Salt (S) 3 0.13 0.12 <0.001 <0.001
C * S 3 0.54 0.95 0.14 0.07
Time (T) 5 0.90 0.01 <0.001 <0.001
C * T 5 0.74 0.61 0.43 0.008
S * T 15 0.51 0.45 0.17 0.02
C* S *T 15 0.61 0.46 0.72 0.04
Degrees of freedom.
Typical chromatograms generated during the PHC analysis are presented in Figures 3.9 and 
3.10. In Figure 3.9, the top chromatogram is a replicate of the 3One treatment at time zero. 
The bottom chromatogram is a replicate of the 3Owe treatment at time zero. In Figure 3.10, 
the top chromatogram is from the 3 One treatment at week 16 and the bottom is from the 
3Owe treatment at week 16. In both diagrams, the lines show where the division for the four
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CCME fractions occurred. The first time period was a solvent reject area where no 
integration occurred.
When comparing the initial non-crude oil treated samples to the initial crude oil treated 
samples, it was noticeable that the biosolids and other organic matter present contain a 
significant amount of apparent F3a and F3b compounds that interfere with the data analysis. 
These compounds disappeared over the course of the experiment, leaving behind the more 
recalcitrant compounds. The crude oil contained the majority o f the F2 compounds in the 
beginning of the experiment. At the end, the F2 fraction in the non-crude oil treatments had 
nearly completely degraded.
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Figure 3.9: GC-FID chromatograms at week 0 for a non-crude oil compost extract (top 
-  30nc replicate) and crude oil compost extract (bottom -  30wc). The y-axis is the 
millivolts measured by the detector and the x-axis is time.
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Figure 3.10: GC-FID chromatograph at week 16 for a non-crude oil compost extract 
(top -  30nc replicate) and crude oil compost extract (bottom -  30wc). The y-axis is the 
millivolts measured by the detector and the x-axis is time.
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As Figures 3.7 and 3.8 indicate, concentrations of the PHC fractions were generally greater 
in crude oil treatments as compared to non-crude oil treatments on a dry mass basis. These 
differences are summarized in Table 3.9 for week 16. Fraction F4 typically had the smallest 
differences, with both treatments tending to have high concentrations. As seen in Figure 
3.12, the F3b fraction in the nc treatment still contained a high concentration of apparent 
PHC interferences.
Table 3.7: Average differences in concentrations of PHC fractions between the crude oil 
treatments and non-crude oil treatments for week 16. Results are in mg kg'* dry mass
Salt concentration Fraction Week 16 wc Week 16 nc Difference
0 F2 759.33 116.07 643.26
F3a 1509.79 405.19 1104.60
F3b 3125.71 1315.44 1810.26
F4 1897.90 1032.15 865.75
10 F2 2516.40 156.96 2359.44
F3a 2819.60 353.20 2466.40
F3b 3635.20 1811.90 1823.30
F4 2075.40 799.00 1276.40
30 F2 1393.90 252.71 1141.19
F3a 2597.70 824.53 1773.17
F3b 4239.50 2629.20 1610.30
F4 1990.00 1310.60 679.40
70 F2 1980.40 207.70 1772.70
F3a 2051.90 772.22 1279.68
F3b 3544.40 2500.10 1044.30
F4 1855.80 1362.30 493.50
3.10 Ash-normalized PHC results
Figure 3.11 shows changes in PHC concentrations for the crude oil amended composts using 
the ash-normalized calculation method. The Owe treatment showed decreases in all four 
fractions in the first 4 weeks. Over the remaining 12 weeks, PHC degradation started to level 
off. The lOwc treatment had similar trends but the majority o f the degradation took place
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over the first 2 weeks. The 3Owe and 7Owe treatments did not show clear trends; PHC 
concentrations in all fractions fluctuated over the 16 weeks. Large increases occurred 
between weeks 8 and 16 for the F3a and F3b fractions o f the 3Owe treatment; for the F3b 
fraction, the final PHC concentration was larger than the initial concentration. In the 70we 
treatment, the F3b and F4 fractions had a large apparent increase between weeks 4 and 8. 
These concentrations did decrease between weeks 8 and 16; PHC concentrations in fraction 
F3b decreased to approximately week 4 values. The F4 fraction was higher than the initial 
concentration.
Figure 3.12 shows changes in apparent PHC concentration for the non-crude oil composts 
based on an ash-normalized basis. PHC concentrations for the One treatment fluctuated over 
the first 4 weeks. After this point, the extractable PHC concentrations decreased until week 
16. The lOnc and 3One treatments had patterns similar to each other; the PHC concentrations 
in all o f the fractions generally had a period o f rapid concentration decreases followed by a 
stabilization period at the end. After increases in the concentrations in all four fractions 
initially, the extractable PHCs in the 70nc treatment declined until week 16. As mentioned 
earlier, PHC concentrations in ne treatments are apparent because no crude oil was added to 
the system.
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Figure 3.11: PHC concentrations in the four CCME fractions in the crude oil- 
containing composts on an ash-normalized basis over the 16-week experiment. Error 
bars represent the standard deviation of three replicates. The wc label represents the 
crude oil-containing compost and the number is the salt concentration treatment.
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Figure 3.12: Apparent PHC concentrations in the four CCME fractions in the non­
crude oil composts on ash-normalized basis over the 16 week experiment. Error bars 
represent the standard deviation of three replicates. The nc label represents the crude 
oil-containing compost and the number is the salt concentration treatment.
The results of the repeated measures ANOVA for the ash-normalized PHC results are 
presented in Table 3.8. Crude oil only had a significant effect on the PHC concentrations in 
fractions F2 and F3a; the wc treatments in these fractions had higher PHC concentrations 
compared to the nc treatments. Fractions F3b and F4 did not have significantly different 
average PHC concentrations between the wc and nc treatments. The F2, F3a, and F3b 
fractions had PHC concentrations that significantly changed with time. In the F2 fraction, 
PHC concentrations for weeks 0 and 4 were similar to each other and were larger than the
68
other weeks. Weeks 1-16 were similar to each other. In the F3a fraction, the time 0 PHC 
concentrations were significantly higher than the remaining weeks; results for the remaining 
weeks were similar to each other. Weeks 0, 1, and 2 were similar to each other and had 
higher PHC concentrations in fraction F3b. Weeks 1-16 were also similar to each other in 
this fraction. Salt treatment was not a significant factor for any of the fractions. As well, none 
o f the interaction factors were statistically significant.
Table 3.8: The p values from the repeated measures ANOVA for CCME PHC fractions 
based on an ash-normalized basis.
Treatment D F “ F2 F3a F3b F4
Crude oil (C) 1 <0.001 0.001 0.87 0.75
Sah(S) 3 0.41 0.82 0.84 0.80
C * S 3 0.16 0.14 0.40 0.43
Time (T) 5 0.004 <0.001 <0.001 0.33
C * T 5 0.44 0.95 0.82 0.52
S * T 15 0.43 0.33 0.55 &52
C* S *T 15 0.72 0.67 0.76 0.42
Degrees of freedom.
As indicated by Figures 3.11 and 3.12, crude oil treatments generally had higher PHC 
concentrations compared to non-crude oil treatments. Table 3.9 summarizes these differences 
for week 16 on an ash-normalized basis. Fractions F2 and F4 showed the smallest differences 
between the two crude oil treatments; in three cases (0, 10, and 30) F4 had the smallest 
difference and in the 70 salt treatment, F2 had the smallest difference. Again, fraction F3b 
had the highest PHC concentration in all cases, comparable to the results presented in Table 
3.7. The fraction with the lowest PHC concentration varied between treatments.
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Table 3.9; Average differences in concentrations of PHC fractions between crude oil 
and non-crude oil treatments for week 16. Results were first ash-normalized and are in
-1
Salt concentration Fraction Week 16 wc Week 16 nc Difference
0 F2 39T22 22T25 169.97
F3a 78&76 215.98 572.78
F3b 1612.12 758J3 853.79
F4 700.21 549.46 150.75
10 F2 1196.97 126.45 1070.52
F3a 2178.06 28&10 188&96
F3b 2525.70 985.36 1540.36
F4 1143.40 648J8 495.02
30 F2 1588.66 123J2 1465.34
F3a 3936.12 385^7 3551.05
F3b 5664.06 1221.10 4442.96
F4 1882.78 612.65 1270.13
70 F2 721.59 52.98 668.61
F3a 1412.63 177.84 1234.79
F3b 2262.10 549.50 1712.60
F4 1174.75 32164 851.11
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Chapter 4: Discussion of results
Over a 16-week experiment, eomposting was used to reduce the PHC concentration in a 
crude oil contaminated soil. Additionally, the influences o f salt contamination and crude oil 
contamination on selected changes in compost chemical properties were examined. In order 
to determine the influence o f crude oil on the composting process, a non-crude oil 
contaminated soil was also composted. This compost treatment also helped determine the 
amount of interference from organic matter during the GC-FID analysis of PHC fractions.
Little research has been published on the influence of crude oil on the dynamics of 
decomposition, EC, pH, and mineral nitrogen during composting. The literature generally 
focuses on PHC degradation patterns over the course o f a composting treatment. Recently, 
Choi and Chang (2005) published research on the nitrogen dynamics in mature compost that 
contained drilling wastes but this is one of the few detailed papers about this aspect of 
compost bioremediation. Published research on the composting of manure, biosolids, and 
other organie wastes provides the majority of the information required for understanding the 
results of this experiment.
4.1 Soil and feedstock properties
In this research, the soil was chosen because it represents a typical fine-textured soil of this 
region, an important consideration in view of the increasing local production of oil and gas. 
The soil characteristics presented here are comparable to the soil data published by Arocena 
and Sanborn (1999), which was also for soil sampled from the Aleza Lake area. The low pH
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of the soil combined with the low pH of the wood shavings may have influenced the initial 
pH of the combined feedstocks (Figure 3.2 and Table 3.1).
Clay soils typically are harder to work with than sands or loams due to their small particle 
size, high surface area, and cohesive nature. Furthermore, these characteristics also make 
clay minerals important for the sorption o f contaminants in soils (Lee et al. 2004). Soils with 
high clay contents can potentially cause reduced bioavailability o f PHCs due to the number 
of active sites for sorption (Loser et al. 1999). The combination of clay soil and high organic 
matter content of compost potentially means that sorption of PHCs and other soil 
contaminants is an important factor in composting bioremediation.
Biosolids are used in composting because they have a good supply of available nutrients for 
microorganisms (Sarkar et al. 2005). The biosolids used in this research had high total carbon 
and nitrogen concentrations and a high CEC, indicating the possibility for the retention of 
important nutrients (Brady and Weil 1999). When compared to biosolids characteristics 
reported in literature, the total carbon and total nitrogen contents are similar (45 mg N/kg 
compared to 41 and 50) (Rivera-Espinoza and Dendooven 2004; Sarkar et al. 2005). The pH 
of the Prince George biosolids, however, is higher than values typically reported in literature 
(8.1 compared to 7.1 and 6.2) (Rivera-Espinoza and Dendooven 2004; Sarkar et al. 2005).
The high moisture content and the gelatinous nature of the biosolids left them difficult to 
work with. They tended to form clumps that were difficult to break up and homogenize. 
During the preparation o f the compost, the direct addition of the wheat grain to the biosolids
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helped break down the clumps and sorb some moisture; this improved the handling 
characteristics o f the biosolids.
While the use of wheat grain in composting could not be found in a literature source (grain 
may be cost prohibitive), the chemical analysis results suggest that it could be a useful 
nutrient source for composting (Tables 3.1 and 3.2). Other research has used materials 
ranging from rabbit food to bran flakes, so the use of wheat grain in composting would not 
be out of place (Baheri and Meysami 2002; Haderlein et al. 2006). One potential problem 
with its use in composting was that the combination o f water, heat, and darkness caused 
some o f the grains to germinate and form, in some cases, shoots several centimetres in 
length. Shoots were removed from the seeds and mixed back into the compost.
Because of the high volume of wood shavings used, their chemical and physical properties 
had a significant influence on the nature o f the compost (Caceres et al. 2006). The high total 
carbon content (Table 3.2) greatly increased the total carbon of the compost. The low pH of 
the wood shavings initially counteracted the higher pH o f the biosolids. At the end o f the 
experiment, however, the pH of the compost reflected that o f the initial pH o f the wood 
shavings and soil (see Table 3.1 and Figure 3.2). The low EC of the wood shavings may have 
reduced the negative impact of high salt treatments on compost EC values.
The calculated C:N ratio of the initial compost mix was quite high (-77). Typically compost 
is designed to have an initial C:N ratio in the 30 -  45 range (Chaw and Stoklas 2001). The 
compost produced in this research had a similar, but higher, starting ratio compared to Chaw
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and Stoklas (2001). Higher C:N ratios can decrease the growth rate and nutrient utilization 
rate o f the microorganisms and therefore heat generation is not as significant; consequently, 
compost can take longer to reach maturity. As seen in Figure 3.1, the length o f the 
thermophilic period was relatively short when compared to a large windrow composting 
operation, which can have a thermophilic period that lasts for months (Tiquia et al. 2002). 
Chaw and Stoklas (2001) stated that increasing the C:N ratio allowed for more hydrocarbon 
degradation because o f the longer period o f microbial activity.
4.2 Dynamics of physical and chemical properties during composting
Figure 3.1 shows compost temperature dynamics over the 16 week experiment. The short 
thermophilic stage (>40°C) may have been due to the relatively small size of the compost 
bins combined with the previously discussed high C;N ratio. Increasing the size o f the 
compost bins could have potentially increased the length o f the thermophilic stage and the 
maximum temperature reached. Temperatures in the 40-45°C range have been indicated as 
an optimal temperature range for PAH degradation (Antizar-Ladislao et al. 2004; Moretto et 
al. 2005). This temperature range has the best overlap o f mesophilic and thermophilic 
microbes, thus increasing the amount of potential PHC degradation. Although temperatures 
were not in this temperature range for extended periods, the time was long enough to allow 
for a range of mesophilic and thermophilic microorganisms to develop and utilize the 
available nitrogen. In the literature review by Semple et al. (2001), they state that when 
contaminated soil is composted with organic bulking agents, temperatures did not typically 
exceed 45°C; this trend was also found in the current results.
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While thermophilic conditions were reached in all treatments, there was not enough data 
collected (i.e. lack of replication) to determine if the different levels o f salt and crude oil had 
a significant effect on the generation of heat. In the 0, 10, and 70 salt treatments, the presence 
o f crude oil may have delayed the onset of the thermophilic stage (Figure 3.1). In the 30 salt 
treatments, the crude and non-crude composts showed similar initial temperature patterns. 
The 10 salt treatment was the only one with a higher maximum temperature for the crude 
treatment (Table 3.3). The area under the temperature curves for the 16 week period was 
higher for all o f the non-crude treatments compared to the crude treatments at the same salt 
level (Table 3.3). One possible reason for these trends is that the microorganisms present in 
the crude treatments required more time to acclimate to the crude oil.
Temperatures reached and maintained during composting can vary greatly. Depending on the 
scale o f the composting experiment, compost temperatures can stay in the thermophilic range 
for extended periods. Huang et al. (2004) experienced thermophilic periods o f 32 days 
(maximum temperature o f 60°C) and 40 days (maximum temperature o f 69°C) during 
windrow composting. Moretto et al. (2005) reported temperature data in the thermophilic 
range (>45°C) for approximately 30 days for their pilot-scale reactor. Tiquia et al. (2002) 
reported temperatures in the thermophilic range for over 40 days in six of their windrows.
According to US EPA regulations, compost produced in static piles must reach a temperature 
of >55°C for a minimum of 4 hours to ensure that any bacterial pathogens, weed seeds, 
parasites, and eggs from biosolids or manure input are inactivated (Eiland et al. 2001; Curtis 
et al. 2005). In this experiment, none of the treatments met this criterion. Another possible
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explanation for the suppressed heat generation was the high moisture content o f the biosolids 
(Maboate and Van Rensburg 2003). Although the wood shavings and wheat grain were 
added for moisture sorption, the biosolids tended to form clumps, which were difficult to 
break up, and this could have limited the microbial activity in parts o f the compost.
High temperatures typically increase solubility and mass transfer rates o f contaminants 
(Antizar-Ladislao et al. 2004). This means that compounds that are only slightly soluble at 
room temperature become more readily dissolved in the compost water as the composting 
progresses through the thermophilic stage. Increasing the solubility of a compound thereby 
increases the likelihood of microbial decomposition. There is, however, a trade-off between 
raising the temperature to cause this increase and the inhibition of microorganisms that are 
capable of degrading larger compounds (Antizar-Ladislao et al. 2004).
Compared to the initial ECs of the soil used in the eomposting experiment (Table 2.1), the 
ECs of compost in all the treatments were orders o f magnitude lower (Table 3.1 and Figure 
3.3). The difference between the soil ECs o f the initial 0 and 70 soil treatments (0.16 - 76 
dS/m) varied by a factor o f approximately 400. The compost ECs, however, varied only by a 
factor o f approximately two (0.57 - 1.45 dS/m). This could have been due to the low soil- 
loading rate used in the experiment (i.e. dilution effect) (Caceres et al. 2006). The low EC of 
the wood shavings (Table 3.1) could have also contributed to the relatively low EC values of 
the compost (Huang et al. 2004). Zhang and He (2005) speculated that the higher lignose 
content of sawdust could reduce the salinity of compost by diluting the higher EC of 
feedstocks like manure and biosolids. At no point in the current experiment did the ECs of
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any of the treatments approach the ECs of the salt-contaminated soils or the EC o f the 
biosolids (Table 3.1). The salt treatments, as would be expected, had a significant effect on 
the EC of the compost. The lack of separation between the different salt treatments used in 
the composts was unexpected and was most likely due to the dilution of the soil.
Figure 3.3 shows the electrical conductivity trends. The formation of ammonium and other 
ions during the composting process can increase the EC of the compost. In this research, the 
EC did increase over the first two weeks as did the ammonium concentrations (Figure 3.5). 
The EC of the high nitrogen treatment used by Charest and Beauchamp (2002) showed a 
highly positive correlation to the NH4 ^-N concentrations and was attributed to the high urea 
concentrations used in this treatment. Huang et al. (2004) reported that EC values follow a 
trend similar to pH values. Moretto et al. (2005) reported an initial large decrease followed 
by a stabilization of the EC. As with the other physiochemical properties of compost, the 
values presented in literature vary greatly due to differences in the feedstocks used.
The increase in EC after the thermophilic stage in manure composting has been attributed to 
a decrease in microbial activity. This decrease causes more ions to accumulate in the liquid 
phase of the compost because they are no longer rapidly taken up by microbes (Caceres et al. 
2006). It is also possible that the microbial break down of wood shavings could be the cause 
of the EC increase. Wood shavings require more time to degrade; when they do degrade, this 
can cause an increase in microbial activity later in the composting process. This would cause 
a release o f soluble constituents into the liquid phase, thereby causing an increase in EC (He
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et al. 2000). A third possibility is the increase in nitrate concentration (Figure 3.6) caused the 
increase in EC seen later in the experiment (Sanchez - Monedero et al. 2001).
4.3 Nitrogen dynamics during composting
In composting, there are expected trends and relationships in ammonium-nitrogen 
concentration, nitrate-nitrogen concentration, and pH. Initially, the crude oil treatments had 
neutral pH values and the non-crude treatments had significantly higher pH values (Figure
3.2 and Table 3.4). The ammonium-nitrogen and nitrate-nitrogen values were each initially 
similar for all treatments (Figures 3.5 and 3.6). Over the first 2 weeks, the formation of 
ammonium ions resulted in a pH increase in all of the treatments while nitrate concentrations 
remained level. The presence of crude oil and salt did not cause differences in pH, 
ammonium, and nitrate values over this period. The continued production of ammonium 
caused a continual increase in the pH. This trend typically continues until the pH reaches the 
NH3/NH4 '^  equilibrium point, causing the loss o f some ammonia from the compost (Fang et 
al. 1999).
The immobilization of ammonium by microbes is believed to be the main cause of the 
decrease in ammonium content (Figure 3.5) and therefore the decrease in pH (Figure 3.2) 
(Huang et al. 2004). The formation o f nitrate also causes a release in hydrogen ions into the 
compost (Equation 1.2 and Figure 3.6), further redueing the pH of the eompost (Sanehez - 
Monedero et al. 2001). The combination o f excessive ammonium ions, the high pH, and the 
elevated temperatures o f the thermophilic phase likely inhibited the formation o f nitrate in 
the compost initially (Paul and Clark 1996; Fang et al 1999; Huang 2004). After the first 2
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weeks, nitrate concentrations continued to increase until the end of the experiment (Figure 
3.6). Huang et al (2004), Fang et al. (1999), and Sanchez - Monedero et al. (2001) have 
reported similar trends for nitrate results.
Data presented in the literature has shown similar patterns to the data presented here. Curtis 
et al. (2005) reported pH values that started at ~ 8, increasing to ~ 9.3 after 60 days of 
composting, and then decreasing to ~ 7.5 after 180 days. In their data, however, the peak pH 
values occurred approximately 40 days after peak temperature values were recorded. Charest 
and Beauchamp (2002) reported trends similar to Curtis et al. (2005) in their treatments. The 
low, final pH values reported in this experiment differ from values in the literature. Typical 
endpoints are close (i.e. within one unit or less) to the starting pH or slightly lower in the 
neutral range (Charest and Beauchamp 2002; Curtis et al. 2005; Eiland et al. 2001; Huang et 
al. 2004). Maboeta and Van Rensburg (2003) reported values higher than the starting pH; 
however, the largest difference was less then 1.5 units, whereas in this research the largest 
difference was approximately 2.5 units. This differenee may be due to the low initial pH of 
the wood shavings and the soil (Table 3.1) combined with the hydrogen ions produced 
during the nitrification process.
In all treatments, final ammonium coneentrations were below 400 mg kg ’, a recommended 
maximum NH4^-N concentration in mature compost (Huang et al. 2004). In addition, the 
decrease in NH4^-N with time is considered a sign o f good composting and maturation 
processes. By 16 weeks, the nitrate concentrations were clearly higher than the ammonium 
eoncentrations. This result was expected because the large amount o f ammonium that was
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available would indicate that the above reactions could occur at a high rate (Sanchez - 
Monedero et al. 2001).
Typically, the addition of hydrocarbons to an uneontaminated soil reduces the amount o f 
nitrification occurring compared to the immobilization rate (Deni and Penninckx 1999; Choi 
and Chang 2005). Deni and Penninckx (1999) found that soils with a long-term history of 
soil pollution had a higher rate of nitrification compared to the immobilization rate. In this 
experiment, nitrification did occur in both the crude and non-crude treatments; furthermore, 
the crude oil treatment had a significantly higher average nitrate concentration over the entire 
experiment. Most treatments showed an initial decrease in nitrate-nitrogen concentration 
from week 0 to week 1 but this decrease was not significant and it occurred in both the crude 
and non-crude treatments. Rivera-Espinoza and Dendooven (2004) also found an initial 
decrease in both ammonium and nitrate concentration in a soil contaminated with diesel. 
Again, this was independent of treatment (i.e. with and without diesel) and the nitrate 
concentration did increase significantly over time.
Bacteria living in biosolids are capable o f nitrite oxidization (Equation 1.3) (Daims et al. 
2001; Deni and Penninckx 2004). The presence of the biosolids in the compost, may have 
increased the nitrite oxidizer population to the point that a significant amount of nitrification 
could occur despite the presence of the crude oil. The crude oil treatment may have also 
added an easy to use source of carbon for heterotrophic nitrifiers, allowing them to increase 
their activity. Choi and Chang (2005) found that older composts ( 2 - 4  years old) had a
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higher potential for nitrification over immobilization compared to younger compost (1 year 
old).
The presence o f crude oil in half o f the compost bins resulted in a significantly lower pH for 
those bins. This could be due to the crude oil having a lower pH and thereby decreasing the 
overall pH. Crude oil also had an impact on the nitrate-nitrogen results, causing a 
significantly higher nitrate values. The production o f more nitrate ions by the 
microorganisms leads to the release of more hydrogen ions into the compost water (Equation 
1.2), causing a pH decrease.
One of the tests of the maturity o f finished compost is the ammonium to nitrate ratio (Eiland 
et al. 2001; Sânchez-Monedero et al. 2001; Maboate and Van Rensburg 2003). The final 
values for this experiment, listed in Table 3.8, were all below the 0.7 guideline of Eiland et 
al. (2001). Only two of the treatments. Owe and 3Owe, were below 0.16 and one, 70wc, was 
0.16. This indicates that the compost may not have been fully mature at the end of 16 weeks. 
Typically, compost matures over several months; therefore, these values would be expected 
to continue to decrease with time.
Two of the crude treatments (Owe and 3 Owe) had slightly lower ammonium to nitrate ratios 
at the beginning of the experiment (Table 3.5). The Owe treatment had one replicate with an 
initial N:N value that was approximately 25 times higher than the other two replicates. This 
could have been due to slight differences in the preparation of the compost or it could have 
been due to the heterogeneous nature of compost (Miller 1993). Although the bins were
81
mixed prior to sampling, the number o f feedstocks involved in the experiment made it 
difficult to obtain samples that were identical for each o f the replicates.
4.4 Dynamics of PHCs and extractable organic matter in compost
Composting did appear to reduce PHC concentrations in the soil. As Figures 3.7 and 3.11 
indicate, all salt treatments had decreases in PHC concentrations. It is important to note that 
the PHC concentrations in the crude oil amended composts also contained a contribution 
from the apparent PHCs in the non-crude oil amended composts (Figures 3.8 and 3.12). Over 
the 16 weeks, the average PHC concentration remaining in the Owe treatment was 
approximately 33% on an ash-normalized mass basis. The lOwc treatment had slightly 
higher total PHC concentration remaining (54%) and the 3Owe (65% remaining) and 70wc 
(74% remaining) treatments had less overall degradation. On an OD mass basis, the results of 
this experiment are not as clear. The Owe treatment had an average decrease of only 11%. 
The three replicate compost bins had a wide range of PHC degradation; the values ranged 
from decreases o f 33% and 54% to a 55% increase in concentration. The lOwc treatment had 
an average PHC concentration decrease of 26%. Again, the replicates had a wide range of 
results; two bins had decreases o f 24% and 56% and the third had an increase of 3%. The 
3 Owe treatment had an average decrease o f 4%, with individual increases of 40% and 3%, 
and a 56% decrease. The 7Owe treatment had an average increase in total PHC concentration 
of 10%. The three replicate bins had increases of 16% and 31% and a decrease of 16%.
Increasing salt concentrations did produce statistically significant results. On a dry mass 
basis, salt treatments were significant factors in the F3b and F4 fractions (Table 3.6). In these
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fractions, the compost treatments containing no added salt had significantly lower average 
PHC concentrations, indicating that more degradation possibly occurred in this treatment 
(Figures 3.7 and 3.8). The higher salt treatments had statistically similar results. Although 
replication of these results in the ash-normalized results did not occur, they are still 
interesting to note. The two fractions with a significant salt factor, F3b and F4, contained 
heavier, more recalcitrant compounds. It is possible that higher salt concentrations in the soil 
produced localized conditions that limited microbial activity, forcing microbes in these 
locations to use smaller compounds. Salt was also a significant factor in the electrical 
conductivity o f the composts (Table 3.4). It is also possible that the higher salt concentrations 
and higher EC values changed the solubility of water in the extraction solvents, causing less 
water to interfere with the removal o f the organics from the compost. In the two lighter 
fractions, F2 and F3a, salt did not significantly change the PHC concentrations, perhaps due 
to the higher solubility o f these compounds in water.
Independent of starting concentration, typical PHC degradation patterns follow a first-order 
decay pattern (Jorgensen et al. 2000). In this experiment, PHC degradation patterns appear to 
have followed typical first-order decay patterns (Figures 3.7 and 3.11). Most of the 
degradation took place in the first half of the experiment. In the Owe and the 70wc 
treatments, the first four weeks had the highest rate o f PHC disappearance (Figures 3.7 and
3.11). The 3Owe treatments had maximum degradation over the first 8 weeks of the 
experiment and the lOwc treatments showed rapid degradation within the first 2 weeks. Over 
the last half of the experiment, the PHC concentrations leveled out, and produced a typical
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hockey stick curve, which potentially indicates a reduetion in bioavailability (Potter et al. 
1999).
The degradation o f the extracted organic matter (OM) from the non-crude oil amended 
composts also followed a first-order decay pattern (Figures 3.8 and 3.12). These treatments 
provided information on the extractability o f compost-derived materials that contributed to 
apparent PHC fractions during GC-FID analysis. In other words, these extractions allowed 
quantification of interfering compounds in PHC analysis. Over the first four weeks, the 
microorganisms decomposed the readily available carbon sources thereby reducing the 
amount of GC-FID detectable compounds. Extractable “hydrocarbon” concentrations 
stabilized after this point, indicating that the stabilization and maturation processes had 
started.
The high initial concentrations of compounds found in the F3b fraction were from the 
feedstocks used in the compost (Figures 3.9 and 3.12; Tables 3.7 and 3.9). Biosolids could 
account for a portion of the high concentrations of the F3b fraction in the erude oil 
containing composts. As well, the wood shavings may have contributed to the extraetable 
hydrocarbon concentrations as interfering compounds (Jorgensen et al. 2000). The CCME 
extraction method, designed for extracting PHC from soils, does not work well for high 
organic matter matrixes (CCME 2001b). It results in the extraction of compounds with 
similar properties to PHCs, such as the humic acid complexes formed prior to (e.g. biosolids) 
or during composting. The suggested elean-up procedure removes water and polar 
compounds from the extracts and does not reduce any other OM interference. Soils that are
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naturally high in organic matter will show artificially high PHC concentrations (CCME 
2001a). The use o f non-contaminated soils or in this case, the use of non-contaminated 
compost, helps differentiate between real PHCs and extractable OM.
Several authors have reported use o f composting to remediate PHC contaminated soils. 
Jorgensen et al. (2000) composted a soil contaminated with lube oil and a soil contaminated 
with diesel oil using spruce bark in large outdoor compost piles. The mineral oil content of 
both soils decreased approximately 70% over 5 months from a starting concentration of 2400 
mg/kg (dry mass basis). This decrease is comparable to the total amount o f degradation that 
occurred in the Owe treatment (33% remaining), based on the ash-normalized results (Figure
3.11). Moretto et al. (2005) also found that composting resulted in an approximate 70% 
decrease in PAH concentration. Al-Daher et al. (2001) also composted heavily contaminated 
soil (initial concentration was approximately 60 g/kg) and had an approximately 60% 
reduction in concentration. On the other hand, Guyang et al. (2005) found that composting an 
oily sludge with an initial concentration o f 100 g/kg only reduced the total petroleum 
hydrocarbons by 31%.
Little published information of the bioremediation of salt- and PHC-contaminated soils exists 
(Tellez et al. 2002). Amatya et al. (2002) found that increasing the EC of a flare pit 
contaminated clay soil to 40 dS/cm significantly decreased the biodégradation of the oil and 
grease. Hettiaratchi et al. (2001) found that soil EC values up to 40 dS/m did not result in 
significantly less degradation of hydrocarbons. Rhykerd et al. (1995) concluded that soil 
salinity reduced the bioremediation o f motor oil in soil; they used soil ECs of 40, 120, and
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200 dS/m by spiking the soil with NaCl. Contaminated salt marshes and laboratory 
microcosm studies are commonly used in soil bioremediation studies involving saline 
impacted soils (Betancur-Galvis et al. 2006). Although some of the soils used in this 
experiment had salt concentrations that exceeded 40 dS/m, it was not possible to distinguish 
between the three treatments with added salts.
Although the CCME PHC fractions are used within Canada, published literature generally 
does not use this method to quantify results. Literature typically includes changes in total 
PHC concentration or changes in aliphatic or aromatic concentration. Since the GC-FID 
analysis used in this experiment was set-up following the CCME method, changes in the 
PHC concentration in the individual fractions will also be discussed. As indicated by Tables 
3.6 and 3.8, time was an important factor for fractions F3a, F3b, and F4 on a dry mass basis 
and for fractions F2, F3a, and F3b on an ash-normalized basis. On a dry mass basis, these 
changes can help explain why little or no decrease in total PHC concentration were observed. 
In fractions F3a and F4, the time zero results were statistically similar to the week 16 results, 
indicating that little change in PHC concentration occurred. The F3b fraction had an 
expected separation between the results, with weeks 0, 1, and 2 results being higher in 
concentration than the remaining weeks. On an ash-normalized basis, the results were the 
expected results. In all of the fractions with significant time factors, the week 0 PHC 
concentrations were significantly higher than the week 16 concentrations.
The two methods of presenting the PHC data resulted in some noticeable differences in the 
PHC concentrations. The ash-normalized 3 Owe treatments had a noticeable increase in
86
concentration at the end of the experiment (Figure 3.11). At this time, the ash fraction ratio 
used in the calculations for one of the replicates increased to approximately 1.2, due to an 
apparent decrease in ash content (Figure 3.4). This could have partially caused the rapid 
increase in PHC concentration, as seen in Figure 3.11. Further complicating the problem was 
the raw GC-FID data showing an increase in area counts from week 8 to week 16; the 
increase in counts ranged from approximately5x10^ toSxlO®. Despite the large increase in 
concentration, the ash-normalized concentration results for this week are similar to the dry 
mass concentration results for week 16. Calculations based on the oven-dried mass are 
typical in bioremediation therefore using these results made it easier to compare results. In 
this research, a noticeable decrease in volume occurred; therefore, a correction factor for this 
loss also was logical. Ash is the most chemically stable parameter during composting 
because it changes over time relatively slow compared to the changes in mass caused by 
mineralization (Amir et al. 2005).
Statistical analysis of the dry mass PHC concentrations and the ash-normalized PHC 
concentrations showed different trends. On a dry mass basis, the presence of crude oil was a 
statistically significant factor in all four CCME fractions (Table 3.6). On an ash-normalized 
basis, however, it was only statistically significant in the F2 and F3a fractions (Table 3.8). 
When the average PHC concentrations for the entire experiment are calculated for fractions 
F3b and F4, the wc and nc treatments have similar values. The average F3b PHC 
concentration for the wc treatment was 3457 mg/kg (ash-normalized) and for the nc 
treatment it was 3134 mg/kg (ash-normalized). In the F4 fraction, the averages were 1306 
and 1159 mg/kg (ash-normalized) for the wc and nc treatments respectively. This could
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suggest that these two fractions contained more OM than crude oil. As the crude oil used was 
a light crude oil, it is possible that most of the compounds in the crude oil were in fractions 
F2 and F3a.
The initial PHC results for the crude oil containing composts were in the expected range. 
Initially 5% crude oil was added to the soil on an oven-dried mass basis. When the addition 
o f the feedstocks was accounted for, the initial crude oil concentration was approximately 
1% or 10000 mg/kg. The average time zero results for the total o f the four fractions for the 
Owe, lOwc, 3Owe, and 7Owe treatments were approximately 12400 mg/kg, 19300 mg/kg, 
15700 mg/kg, and 9400 mg/kg respectively. This averages to 14200 mg/kg; the average time 
zero extracted OM from the non-crude oil treatments was approximately 9000 mg/kg, 
resulting in an average total PHC concentration of 5200 mg/kg extracted from the initial 
compost. During the preparation of the soil, the contaminated soil was weathered for a week 
in the greenhouse pod. Further evaporation of lightweight compounds was possible; these 
results are comparable to the results o f an extraction o f a sample the contaminated soil used.
Although all of the soil used in the experiment received the same mass o f crude oil initially, 
there was some variation in the results from the GC-FID analysis (Figures 3.7, 3.8, 3.11, and
3.12). This could have been due to different weathering rates from the soil trays or it could 
have been due to the heterogeneous nature of compost. Despite mixing all of the compost 
bins prior to sampling and using the same sampling procedure on all of the bins, the replicate 
samples often varied significantly from each other. Moretto et al. (2005) reported a similar 
problem when composting PAH contaminated soil. Compost construction, although carefully
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planned, can be heterogeneous due to the number of feedstocks used and unique variations in 
rate of organic matter decomposition (Miller 1993).
Despite the use o f both sodium sulphate and diatomaceous earth, water in the PHC extracts 
was a problem for some samples. The amount of Na2 S0 4  used was double the amount 
required by the CCME method (~10g instead of ~5g) and the diatomaceous earth was added 
until the compost was free flowing, as per the CCME method (CCME 2001b). Furthermore, 
the weighed samples and added drying agent were refrigerated for a minimum of 12 hours 
before the extraction thus allowing the diatomaceous earth to sorb water. The presence of 
water interferes with the PHC extraction, thereby causing the results to be underestimated 
(Jorgensen et al. 2000). The extracted compost samples were shaken for a total of three hours 
and this disintegrated the structure of the biosolids and soil, leaving them as a fine powder. 
This may have made even more water available from the biosolids that was not removed by 
the Na2 S0 4 . Drying o f biosolids before the extraction o f organics is essential according to 
Rogers (1996). Oven drying the samples beforehand would result in the loss of volatile 
compounds, therefore a combination of low temperature drying and better chemical drying 
may be necessary. Although a drying agent was added to the compost prior to the extraction 
and the sampling depth o f the GC syringe was adjusted to ensure that no water entered either 
GC system, the presence of the water could have negatively impacted the final results.
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Chapter 5: Overall conclusions and recommendations
5.1 Conclusions
The compost environment is complex with many interrelated factors. Many microbial-based 
reactions occur in a relatively short time. Using biosolids supplied both microorganisms and 
nutrients to the compost system. When the soil load is low, the self-heating of compostable 
organic materials can occur despite the potential for limited microbial survival in highly 
saline environments. Furthermore, degradation of anthropogenic pollutants can occur in such 
an environment.
The first objective o f this research was to determine if composting could be used to reduce 
PHC concentrations in a crude oil contaminated clay soil containing increasing 
concentrations of NaCl. Composting did reduce the PHC concentration in the clay soil used 
in this experiment. The highly variable data, however, did not allow for analysis of clear data 
trends with regard to salt concentration effects. Adjustments to both the sampling method 
and the extraction method might improve the results of a similar future experiment by 
reducing some of the variation in results.
The second objective was to determine if the presence o f salt and crude oil would produce 
statisically different compost characteristics over the 16 weeks. Despite high electrical 
conductivity in some o f the soil treatments, it was still possible to eompost the soil, as 
indicated by the generation of heat in all of the compost bins. All combinations of salt and 
crude oil self-heated during the experiment, although the temperatures reached did not meet 
the EPA’s temperature criterion of 55°C for a minimum of 4 hours. A combination o f high
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C:N ratio and small compost volume may have lead to the suppresion of heat generation. 
Adding more temperature sensors would allow for statistical analysis on the temperature 
data. This would also make it possible to further understand the impacts of salt on the 
composting process.
Typical composting patterns for pH, ammonium, and nitrate were observed. The low final 
pH, however, was not a typical final pH for compost. The high EC in three soil treatments 
did not appear to influence the compost EC in the expected manner. Most likely the lower 
than expected compost ECs were due to dilution of the soil with the feedstocks.
Both crude oil and salt were not significant factors in the ammonium-nitrogen results, but the 
influence of the salt factor on the results was seen in the ANOVA interaction terms. The 
presence of crude oil did not depress the formation of ammonium or nitrate during 
composting, possibly due to the high nitrogen content of the biosolids. Crude oil, however, 
was a significant factor in the nitrate-nitrogen results, causing significantly higher nitrate 
concentrations.
5.2 Future research
In the presented research, composting was used to degrade crude oil in salt contaminated 
clay soil. Although the results o f the research answered the original questions, the results 
generated more questions based on what worked and what did not work. This section 
discusses some of these potential questions for future research.
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5.2.1 PAH and PHC analysis
As mentioned in Chapter 2, PAH analysis requires a significant investment o f time. The 
inclusion of this type of analysis in research is important because of the high health and 
environmental risks associated with PAHs. Although this experiment could not generate the 
desired data, a better understanding of the potential o f the instrumentation was gained. 
Considerable time is required for the set-up of a GC-MS/MS analysis program and although 
Varian provided a program, adjustments to the program are needed if similar work is to be 
undertaken in the future.
For future studies, an adjustment to the compost sampling protocol for the PHC analysis may 
be required. Extracting a sample of only the soil taken from the compost and a sample of the 
entire compost mix, as was presented here, may reduce the high variation in PHC 
concentrations between the replicate samples. This could develop a better understanding of 
what is happening in the compost system (i.e. are the PHCs staying in the soil or are they 
migrating to the organic matter). This method would potentially double the amount of PHC 
analyses required therefore careful planning would be required.
More research is also needed in the development of better hydrocarbon extraction and/or 
clean-up methods. Interference from the high moisture content o f the compost may have 
reduced the generation of meaningful data. Rogers (1996) recommends that biosolids be 
completely dried prior to the extraction of organic matter, however complete drying of the 
compost used in this research prior to extraction may cause the loss of more volatile PHCs 
from the compost. The formation o f a water layer in several of the samples indicates that the
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soil-based drying methods used during the experiment did not work completely for compost 
therefore a combination of air drying and chemical drying may be required.
To better address the problem of interfering organic matter, considerable amounts o f time 
would be required to design and test a GC-MS/MS program. This type o f analysis would be 
better suited for compost analysis because specific compounds in the crude oil could be 
identified and targeted throughout the experiment. Another approach to the OM interference 
problem would be to produce more homogeneous non-contaminated treatments. These could 
then be used as a background subtraction in GC-FID analysis.
5.2.3 Chemical and physical properties analysis
As seen in Chapter 3, there was a dilution effect on EC and pH in this experiment. Increasing 
the soil load or decreasing the amount o f bulking agents used may have an influence of the 
outcome of a similar experiment. The feedstocks recipe was designed on a per oven-dry mass 
basis and when feedstocks with a low density are used, this can unexpectedly change the 
properties (e.g. pH, EC) of resulting compost. In this research, although only one part wood 
shavings was used on a mass basis, the resulting volume o f wood shavings was significantly 
higher than the volume of the other materials. This contributed to the dilution of the overall 
EC and pH of the compost.
Adsorption of the hydrocarbons to the compost organic compounds is an expected 
consequence o f compost remediation (Kastner and Mahro 1996). The highly organic matrix 
o f compost may have led to the sorption of crude oil, leading to reduced bioavailability.
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Future research could include tests to determine the significance of crude oil sorption by 
feedstocks. This may include testing the feedstocks individually and combined in order to 
determine both the individual sorptive capabilities and the combined capability o f the 
compost.
5.2.3 Microbial and toxicity analysis
Although decreases in the PHC concentration were observed, further research would be 
required to determine if the PHC levels had decreased enough to reduce any toxic effects of 
the crude on the soil environment. It may be possible that the experimental design just caused 
the dilution o f a problem rather then provide a possible solution to the problem. Potential 
toxicity tests include earthworm testing, seed germination and growth, enzyme tests, and 
genotoxicity tests (Kapanen and Itavaara 2001).
Another possible addition to the experiment would be the identification of the 
microorganisms present in the composts either through traditional methods (plating and 
culturing) or by using a more recent technique such as Biolog plates or EcoPlates. This 
information could provide researchers with additional tools to improve the composting 
conditions, through the use of better-suited feedstocks and/or it could provide researchers in 
other areas of bioremediation research with transferable knowledge.
5.2.4 Multiple bio remediation techniques
Recent research has indicated that the combination o f bioremediation treatments may be a 
better method o f achieving clean-up goals. Combination o f two treatments (i.e. composting
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and phytoremediation) may allow for the maximization of strengths o f the two methods and 
minimize the weaknesses o f each o f them (Potter et al. 1999; Parrish et al. 2004). If such a 
combination was done, it could be done at a remediated oil and gas site, thereby combining 
further bioremediation and ecosystem restoration. Additionally, the addition of the mature 
compost to contaminated soil as a source of conditioned bacteria and fungi may allow for 
further decreases in PHC concentration.
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